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FINAL REPORT OF AFOSR CONTRACT NO. 84-0369

ION-EXCHANGED WAVEGUIDES FOR SIGNAL PROCESSING APPLICATIONS-A NOVEL

ELECTOLYTIC PROCESS"

I. Introduction

A. Overview of Program

The primary objective of the project is to investigate theoretically as

well as experimentally the ion-exchange process and technology for fabrication

of passive waveguide components in commercial glasses. The application areas

of such components include optical communications, sensors, integrated optics

and optical signal processing. The study was initiated in an Air Force

contract (No. F08635-83-K-0263) in 1983 and has been funded almost exclusively

by the AFOSR since 1984. At the beginning of the study, the effort in glass-

waveguide-based 1-0 components was sporadic inspite of the fact that the first

glass waveguide using an Ion-exchange process was reported in 1972 and since

then several laboratories around the world have been involved in

investigations. It was not evident whether the technology had the potential

to permit fabrication of devices with reproducible characteristics. In fact,

so few single-mode waveguides had been fabricated and characterized that any

significant evaluation of their performance in integrated optical systems was

not feasible. The progress was hindered by the fact that several different

cations were used in various glass substrates and melt compositions without

any systematic approach to the problem.

In this report, we summarize the results of a systematic study of the

ion-exchange process, the optical characterization of the waveguides

fabricated using this process and the guided wave nonlinear optical work

carried out under the program. All of the publications presented have

resulted from this contract. Copies of the publications are attached with
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this report and the readers are referred to these papers for further details.

Also listed are the patents generated under this program.

B. Ag -Na+ Cation Pair

Cognizant of the above considerations, we soon recognized the importance

of choosing a cation pair, a specific glass system and a suitable melt

composition to fabricate single-mode waveguides. Since passive components

require extremely high reproducibility, this factor was given utmost attention

in our approach. A careful evaluation of the status of the technology by us

revealed that of all the monovalent cations which were being studied, Ag+ was

the most versatile due to the following reasons:

(1) The refractive index change caused by incorporation of silver ions in

glass can be varied over a wide range (0 - 0.1). This flexibility is

important in fabricating fiber-compatible waveguides [1].

(2) Silver films can be easily fabricated and diffused in a clean atmosphere

at relatively low temperatures to fabricate waveguides which can be

buried in a single-step process, thus minimizing the process time [2].

(3) Silver can be electrolytically released in melt at a controlled rate

[3-6]. Furthermore, an on-line measurement of silver concentration can

be performed to monitor any fluctuations [7]. A feedback system can thus

be implemented for electronic control of the processing conditions which

would provide the desired reproducibility.

(4) Silver is a heavy atom and its concentration in glass can be analyzed

using conventional SEM and microprobe techniques even at low

concentrations. This permits a direct measurement of a diffusion (index)

profile with high accuracy [8-10].

In spite of the above distinct advantages, there were reports of silver

being responsible for large scattering and absorption losses. However, it was
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soon recognized that there losses were characteristic of only those daveguides

where a relatively large fraction of sodium ions in the substrate glass had

been exchanged for silver. In such cases, silver was not only reduced to

metallic form, aggregates were formed that scatterd light abundantly.

Fortunately, for single-mode fiber-compatible waveguides, less than 10/ of

sodium ions are replaced by silver and such detrimental effects have not been

noted [3].

C. Nonlinear Waveguides

Optical nonlinearity, caused by the intensity dependent refractive index

of the guiding or the surrounding medium, has generated a great deal of

interest due to its potential for applications in all optical signal

processing systems. The guided wave approach is attractive for nonlinear

optical applications because of several reasons: interaction geometry

involved allows larger power densities propagating over relatively large

distances thereby causing a significant reduction in the threshold power

requirements as compared to the nonguided configurations such as Fabry-Perot

interferometers. Secondly, the waveguides are compatible with optical fibers

and integrated optical systems. We have studied theoretically and

experimentally the propagation characteristics of these waveguides.

I. Summary of Results

The systematic study of ion-exchanged waveguides performed in this

project under AFOSR contract (No. 84-0369), involved several steps:

(1) Ion-exchange equilibrium at the NaN03+AgNO 3 melt-glass interface was

studied as a function of melt composition and stirring conditions. The

results provided a relationship between silver concentration in the melt

and at the glass surface [11-14].
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(2) An electrolytic release technique was developed to control silver

concentration in the melt [3-6]. An insitu measurement method was

developed to monitor the silver concentration on-line, thus paving the

way for automation of the process with better control and reproducibility

[7].

(3) The process of fabrication from melts was automated. This implied

setting up the predetermined values for diffusion time, the magnitude of

the electric field, the stirring conditions, monitoring the current and

temperature with feedback mechanisms for automatic control of these

parameters. A unique ceramic sample holder was designed to allow

application of ail external field with a cathode, which is a molten salt

mixture. This technique eliminates the use of gold films as cathodes

which in turn eliminates the deterioration of the films [101.

Consequently, this technique is time and cost efficient. Similarly, a

unique pump design prevents bubble formation at the melt-glass interface,

assuring the uniformity of the waveguides.

(4) Besides the use of molten baths, waveguides were also fabricated from

evaporated silver films by electric field induced migration [2]. The

technique allows significant flexibility and simplicity. Tapered

waveguide sections can be fabricated. Steps are currently underway to

fabricate buried single-mode channel waveguides using only one step.

(5) A complete characterization of the diffusion profile was performed by

using conventional analytical tools such as electron-microprobe and

atomic absorption spectroscopy [15]. A new method was developed in which

back scattered electrons were analyzed in a scanning electron microscope

[8]. These tools are now routinely used for characterization of the

waveguides.
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(6) The diffusion process was modelled [16-131 by solving the diffusion

equation and correlating the results with the experimental data in both

the planar and channel surface waveguides [10, 16-19]. The calculation

is based on 3 finite-difference method. Processes such as side diffusion

and concentration dependence of the interdiffusion coefficient are taken

into account [13].

(7) Once the diffusion profile was measured, the wave equation was solved to

predict the propagation properties of the waveguide. Both, the planar

and channel waveguides can thus be analyzed theoretically [16-21]. The

numerical technique involves a solution using a finite difference method.

(8) Optical characterization techniques were developed. These include

measurements of attenuation [3], mode indices [3], near field

distribution [151, and cutoff wavelengths [221 of the waveguide modes.

All the experiments were automated such that the measurements are

rendered more accurate and the data processing is faster.

(9) The results of the systematic study have provided the guidelines for

fabrication of buried single-mode channel waveguides with desired mode

field distribution. The two-step ion-exchange involves diffusion of

silver ions in the glass matrix in the first-step [8, 10, 15-17, 231. No

application of electric field is necessary during this step [16, 17].

When a second-step ion-exchange is performed with an external field and

no silver in the melt, a symmetric buried profile is obtained. Using

this process, low-loss (< 0.2db/km) fiber-compatible waveguides have been

fabricated 118, 24].
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(10) We have studied theoretically the effect of a nonlinear cover medium on

the propagation of guided waves in a graded index planar waveguide

[251. The results show that the threshold power requireme-,ts are reduced

as compared to the step-index case. The calculations predict transfer of

power from the film region to the cover medium, indicating occurance of

optical switching [25, 26].

(11) We have fabricated planar as well as channel waveguides in semiconductor-

doped colored glass using the K+-Na+ ion-exchange process. Nonlinear

prism coupling, power limiting, and mode field variations were observed

in planar guides with the threshold for power limiting as low as 20 mW

using a cw Ar+ laser [27]. The effect was identified as thermal in

origin. In channel waveguides, the nonlinear saturation was also

observed [27]. Experiments are underway to isolate the thermal component

from the fast electronic contribution.
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REFERENCE [la]

Ion-Exchanged Glass Waveguides: A Review

(Invited Paper)

R.V. Ramaswamy and R. Srivastava

Department of Electrical Engineering

University of Florida

Gainesville, Fl 32611

Abstract

Passive glass waveguides made by ion-exchange technique are potential

candidates for integrated optics [I-0] applications. In this paper, we review

the advances in the technology as applied to fabrication of useful single-mode

structures. Progress in process, fabrication, modeling and waveguide

performance using different monovalent cation systems and glass compositions

is described with emphasis on fiber-compatible single-mode structures prepared

from molten baths. It is shown how a systematic study allows a correlation

between the process parameters and the waveguide characteristics so Jesirable

in assuring reproducible characteristics of the devices.
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I. Introduction

Ion-exchange technique, which has been used for more than a century to

produce tinted glass, has received increased attention in recent years as it

improves surface-mechanical properties of glass and, more importantly, creates

a waveguiding region in the glass. Today, glass waveguides are considered to

be prime candidates for optical signal processing applications in optical

communications, sensors and other related areas. The importance of the glass

waveguide components is borne out by their compatibility with optical fibers,

potentially low cost, low propagation losses and the ease of their integration

into the system. However, the index of the glass substrate cannot be changed

by application of an electric field. Therefore, fabrication of glass devices

with assured reproducibility within specified tolerances is a must.

Since 1972 when Izawa and Nakagome [1] reported the first ion-exchanged

waveguides by exchange of Tz + ions in a silicate glass containing oxides of

sodium and potassium, significant progress has been made towards understanding

the ion-exchange process and the role of the processing conditions on the

propagation characteristics of the resulting waveguides. Various cation pairs

and several different glass compositions and cation sources have been studied

in the past dozen years with considerable attention given to fabrication of

useful devices. Published reports of these advances abound in almost all the

related journals at an increasing rate. Findakly [2] summarized most of the

developments which occured till 1983. Since then, there has been rapid growth

in the literature leading to a better understanding of the ion-exchange

process in general and to the process optimization for reproducible waveguide

performance in particular. The objective of this paper is to describe recent

developments which have permitted establishment of the necessary correlation

between the ion-exchange process parameters and the waveguide
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characteristics. Emphasis is placed on single-mode structures and effort is

made to point out similarities as well as dissimilarities observed or expected

in the exchange process for different cation pairs and glass compositions.

Because of the multidisciplinary nature of the field, it is not possible to

give an exhaustive bibliography. For example, ion-exchange process and ionic

diffusion in glasses have been discussed in many excellent reviews [3,4] and

we will confine our attention to only those topics in the area which are of

direct relevance to the waveguide work.

This paper is structured in the following format. In Section II we

briefly describe the results of ion-exchanged waveguides for each cation pair.

Both of the methods, molten salt bath as well as film-diffusion, are

considered. The process parameters are identified and a procedure outlining

the various steps for a systematic correlation between theory and experiment

is presented. Section Ill describes how the ion-exchange equilibrium at the

glass-melt interface influences the boundary conditions for the cation

diffusion in the glass. Surface-index change depends on this equilibrium.

Section IV presents theoretical considerations to model the modification of

the glass refractive index as a result of the ion-exchange. Surface

deformation, stress and the birefringence resulting from the cation

substitution are also considered. In Section V, a general formulation of the

two-dimensional diffusion equation is given from which the refractive index

distribution is obtained in special cases of interest for planar as well as

channel waveguides. Both surface and buried guides obtained by electric field

induced migration are considered. Issues such as side diffusion under the

masks in the case of channel waveguides, space-charge effects and the double

alkali effect are also addressed in this section. The next section describes

some fabrication and characterization procedures with particular emphasis on
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single-mode waveguides. Finally, we present the recent developments and

state-of-the-art in waveguide and device fabrication and speculate into the

future of the field.

II. Ion-Exchange Process

II A. Exchange from Molten Bath

Since Izawa and Nakagome [1] reported the first ion-exchanged waveguide

made by T1+ - Na+ exchange from a mixture of molten nitrate salts, molten bath

has almost invariably been used as the source of exchanging ions for

fabrication of glass waveguides. Several cation pairs have been studied. In

most cases [1,5-9] sodium ions in the substrate glass are exchanged for one of

the alkali cations, namely Cs+, Rb+, Li+, K+, Ag or Tz+. Recently Cs+ K

exchange [9] has also been reported for waveguide fabrication. Table I lists

the first published reports for each cation pair along with the ion-exchange

conditions, the salt bath, the substrate glass and the accompanying surface-

index change (An). The electronic polarizability and ionic radii of each ion

are also listed.

Of the various monovalent ions, each one has its advantages and

drawbacks. For example, Tz+ is known to be toxic but gives rise to relatively

large index change (An - 0.1) and is therefore more suitable for multimode

waveguides. The losses are also reasonably low (- 0.1 dB/cm). Ag+ is

susceptible to being reduced to metallic form and thereby may introduce losses

if incorporated in the glass in large concentrations [10]. Surface index

changes as large as 0.13 have been reported [5]. In both the above cases

(Tz+ and Ag+), dilute melts [1,11,12] can be used to reduce An and thereby

fabricate single-mode waveguides. K+ can be easily incorporated in glass

[5,13,14] but the accompanying index change is substantially
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smaller (An 0.01) along with smaller diffusion rates. Thus large diffusion

times are required for suitable waveguiding to occur, limiting its use for

single-mode guides. The resulting waveguides are birefringent [13] although

they exhibit negligible depolarization [15] and small propagation losses. Li+

is very mobile in glasses and highly multimode guides with index profiles

compatible with optical fibers can be produced in few minutes [7]. The

maximum index change of the order of 0.015 is achievable, but so far no low-

loss guides have been demonstrated. Moreover, because of large mismatch in

the ionic radii of the two ions [Table I], large stress is introduced in the

glass network causing surface damage. In the case of Cs+ , an index change of

the order of 0.04 has been achieved [9] in a special potassium-rich BGG21

glass with very low losses (< ̂ .2 dB/cm). However, one disadvantage of using

Cs+ is that cesium salts react with most materials and diffusion must be

carried out in crucibles made of special materials such as platinum, thereby

adding to the cost.

For I-0 applications, it is desirable to fabricate waveguides with low

propagation loss and desired refractive index profile. Both depend upon the

substrate glass (The relatively slow progress in ion-exchange technology can

be attributed to this dependence. No standard glass compositions have been

targeted so far. The requirements for an ideal substrate glass material have

been listed in [16].) The losses are dominated by absorption, primarily due

to presence of foreign impurities, and scattering contributions caused by

glass inhomogeneity and surface or geometric imperfections. By careful choice

of the host glass, waveguide losses below 0.1 dB/cm can be obtained

[10,12,16]. Scattering losses, on the other hand, are generally introduced in

the processing steps. Dopants introduce additional Rayleigh scattering to the

background losses caused by the multicomponent nature of the glass. Reduction
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of cations to metallic form, such as in the case of silver pointed out

earlier, can give rise to additional absorption and scattering losses.

Surface irregularities invariably interact with the propagating field and

contribute to losses via scattering. This can be minimized by burying the

waveguide below the glass surface by carrying out a two-step ion-exchange

process (see Section V E). In channel waveguides, the imperfect wall

boundaries caused during the photolithography may introduce additional loss.

This loss contribution is less serious, however, since the diffusion process

smooths out such irregularities. Finally, in devices, the waveguides

invariably undergo bending, bifurcations or tapered transitions. These

transitions have to be designed carefully to limit the radiation losses.

The refractive index profile, on the other hand, depends on various

process parameters in an intricate manner. The composition of the host glass,

the nature of the incoming ion and its concentration in the source, the

temperature, the diffusion time, and the magnitude of the externally applied

field, all affect the index profile. Since the waveguide characteristics are

determined by the index profile, it is necessary to establish a correlation

between the process parameters and the index distribution before the process

can be tailored to produce waveguides of desired characteristics through a

judicious choice and control of the process parameters. For a given substrate

glass, such a systematic study entails the following distinct steps:

(1) Study of ion-exchange equilibrium to determine the relationship

between the melt composition and the glass-surface-ion concentration.

(2) Analysis of the diffusion equation with appropriate boundary

conditions to predict the concentration profile.

(3) Fabrication of the waveguide with a set of process parameters.
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(4) Measurement of the diffusion profile and correlation with the

theoretical analysis. It is generally assumed that the diffusion

(concentration) profile is a replica of the index profile. This

assumption has been experimentally verified and is valid as long as

the concentration of the dopant in the glass is small [17,18,19].

(5) Calculations of the waveguide propagation characteristics by solving

the Helmholtz equation for the given index profile.

(6) Optical characterization of the waveguide and correlation between the

measured characteristics and the process parameters. This involves

measurement of mode indices (where applicable), mode cutoff

wavelengths [20], mode field profiles and attenuation.

II B. Film-Diffused Ion-Exchange

An alternative method for fabricating glass waveguides utilizes diffusion

of ions from a solid metallic film, first presented by Chartier et al [21].

In this method, a thin film is deposited on a glass substrate and diffusion is

carried out at an elevated temperature with the aid of an electric field

applied across the sample. Since no other alkali metal films can be deposited

and maintained in a stable form, this technique is used only for silver ion

exchange.

Since the first report of film-diffused process [21] where single - mode

as well multimode guides were fabricated and the diffusion coefficient and the

activation energy measured, several workers [22-251 have utilized the process

using somewhat different geometries and electrode structures. After the

initial conflicting results and discrepancies [25] it appears that the process

is better understood today and can be summarized as follows.
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Initially, a several thousand angstrom thick silver film is deposited.

To prevent oxidation and flaking of the film during diffusion, it is necessary

to deposit a cover layer such as a gold [25] or an aluminum film [21]. This

structure serves as the anode. The cathode can be either a metallic flim or a

molten salt bath. The latter has the advantage that it does not deteriorate

due to accumulation of sodium metal which diffuse out of the glass as a result

of the ionic current under the applied field. The current is monitored during

the entire process and the voltage is switched off well before the depletion

of the silver film. Otherwise, depletion of cations from the waveguide

surface results in surface defects (bubbles). Moreover, for reproducible

waveguides, it is desirable to apply the voltage only when thermal equilibrium

has been reached. In this regime, a constant current flow can be maintained

during diffusion as the mobility of silver is not very different from that of

sodium in the glass and the material resistance does not change significantly

[25]. It must be emphasized that in the absence of an applied voltage, ion-

exchange is negligible [24,25] since the silver atoms cannot be ionized in

sufficient number and those which may be ionized due to thermal energy

distribution, cannot enter the glass as the presence of an electrochemical

potential between the silver film and the glass substrate blocks their

movement. This potential barrier is overcome when a voltage is applied.

Fields as low as 1V/mm can give rise to waveguides showing that the potential

barrier is not very large [25].

Figure 1 shows the variation of diffusion depth W and surface index

change An as a function of the applied voltage V [25]. The diffusion depth

varies linearly with the applied field as is expected when the diffusion termn

is negligible (Section V C). If the ionic current is integrated over the

total diffusion time needed to deplete the silver film, it is found to be
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proportional to the thickness of the film. This suggests that by controlling

the diffusion time, temperature, and the current flow precisely, the index

profile and the waveguide characteristics can be controlled.

The index change varies very strongly with the applied field and the

reason for this appears to be in the energy distribution of the cations.

Higher the voltage, larger the number of cations capable of overcoming the

energy barrier at the interface. The saturation of An at higher fields is a

result of limited sodium sites available for ionic exchange.

The silver-film techniques has some distinct advantages over the molten

bath technique:

(1) The process is relatively clean as pure silver film is deposited on a

clean substrate and diffusion is carried out in a closed atmosphere.

(2) Relatively low temperatures are involved which facilitates design of

sample holder and other components.

(3) Index change is field dependent. This may allow fabrication of

tapered transitions by varying the electric field along the waveguide

length.

(4) Buried waveguide may be obtainable in a single-step process. Bubble

formation due to silver depletion can be prevented by surrounding the

silver film by a pure NaNO 3 melt, for example.

In conclusion, substantial progress has been made in understanding the

relationship between the diffusion depth, surface-index change and applied

field. However, index profiling has not been modeled well and no satisfactorv

correlation with the experimental data is available. Most of the work has

been done in multimode guides and much remains to be studied for making the

process viable for practical applications.
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I1. Ion-Exchange Equilibrium at the Melt-Substrate Interface

When the glass containing a monovalent cation B is introduced into a

molten salt solution containing the diffusing monovalent cation A, ion A is

driven into the glass by an interphase chemical potential gradient and, in

order to maintain charge neutrality, ion B is released into the melt. This

ion exchange process can be represented by an overall chemical reaction as

follows [26]:

A + = A +B , ()

where the bar denotes the cations in the glass phase.

The rate of ion exchange may be limited by the following processes:

(1) Mass transfer of reactants to and removal of products from the

reaction interface in the melt.

(2) Kinetics of the reaction at the interface.

(3) Transport of cations in the glass phase.

Transfer of cations in the melt takes place via diffusion and

convection. Convection can be enhanced by stirring the melt. However, even

in the forced convection case, a region may exist near the glass-melt

interface where no convective mixing occurs because of fluid friction at the

interface. Across this stagnant boundary, dll the mass transfer of the

cations (in the melt) to and from the reaction interface occurs through

diffusion. If the liquid-phase diffusion can supply ample reactants and

remove enough products to and from the interface, the process is not melt mass

transfer limited i.e., source depletion does not occur at the interface. For

diffusion to be a limiting process in the melt, the important parameters is
1/2

( A/NA) (DA/DA) where NA denotes the molar concentration of cation A and
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DA its self diffusion coefficient. It has been shown that if this parameter

> 10, the rate is not mass transfer limited due to diffusinn in the melt

[27]. Although in the early reports [5] of ion-exchange waveguides using pure

AgNO3 melts such a depletion was believed to occur, more recent results [28]

indicate that in the case of Ag- Na+ exchange from dilute melts, the melt

mass transfer is not a limiting process.

At the interface, the surface kinetics are not likely to be a rate-

limiting factor and are thus assured to be much faster than the transport

processes in the melt and glass phases.

In the glass phase, mass transport is carried out entirely by diffusion

of the cations which is a relatively slow process. The equilibrium state of

(1) specifies the surface boundary condition for the diffusion process and the

accompanying surface index change. Thus the control of the cation diffusion

profile in glass is subject to manipulation of this boundary condition and the

cation transport (diffusion) properties in the glass. The equilibrium state

is governed by an equilibrium constant K defined as
aA aB

aB aA

where a's represent thermodynamic activities of the cations in the respective

phases. Using the Regular Solution Theory [29] for the ratio of the activity

coefficients in the melt and the n-type behavior [30] in the glass phase, the

relationship between the melt concentration (NA) and the surface concentration

in the glass (NA) can be written [26] as follows:

NA A N A
,n( + R (1 - 2NA) = n zn ( ) - ZnK 2)

1 - N A

where n is given by
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n = a Ln aA /a Xn CA

A is the interaction energy of the two cations in the melt, R is the gas

constant, T is the temperature in Kelvin, and CA is the absolute

concentration of cation A in the glass.

The linear relationship between tn {IA/( - NA) and

the Ln (RA/1 - NA) given by (2) yields a straight line from which the values

of n and K can be derived. When n is unity the glass is said to have ideal

behavior. A large value of K on the other hand would indicate a large uptake

of the cation A by the glass for the given melt composition.

Studies of ion-exchange equilibrium in glasses include the early work of

Schulze [31] and later, the pioneering work of Garfinkel [26] involving

various cation pairs and glass compositions. Houde-Walter and Moore [32] have

listed the values of n and K for Ag+ - Na+ exchange from several melt

compositions. Of all the cases studied in [26], only K+ - Na+ binary system

gives a linear relation between Nk and Nk. In the case of Ag+ - Na+ in soda

lime silicate glasses, recent studies [11,19,28] carried out up to very low

melt concentrations (NAg - 10-4 ) indicate that K is very large (75-120

range). Figure 2 shows the relationship between NAg and NAg as obtained in

[19]. Similar nonlinearity has recently been reported for the Cs+ - K+ system

[33]. This highly nonlinear behaviour suggests that for single-mode fiber

compatible glass waveguides fabricated by Ag+  Na+ ion-exchange, it is

necessary to keep melt concentrations very low (NAg - 10-4). Since in this

region the slope of NAg vs NAg curve is very large, a rigid control of NAg is

a must for fabrication of single-mode guides of reproducible

characteristics. The other important characteristic of the curve in Fig. I is
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observation of the plateau when nearly half the Na+ sites in the glass are

occupied by Ag+. In this region, fluctuations in the melt concentrations do

not influence the surface silver uptake to any significant degree. Ideally

one would like to use this region for waveguide fabrication if the

corresponding index change could be made compatible with the single mode

fibers (An - 5 x 10-3). However, this would required special low sodium

content glass as the commercially available soda-lime or boro- and alumino-

silicate glasses contain - 10% Na2 0 by weight which gives An - 0.05

for N Ag= 0.5 [341.

IV. Index Change by Ion Substitution

IV A. Polarizability and Volume Changes

In the binary ion-exchange process, both the cations which exchange with

each other are network modifiers. As a result, the basic structure of the

glass is left unchanged and only the refractive index of the glass is

modified. The net index variation depends on three major physical changes;

namely, ionic polarizability, molar volume (related to ionic size) and the

stress state created by the substitution. Besides these three factors,

secondary influence on the index is caused by the accompanying effect on the

electronic polarizability of the neighboring (oxygen) ions. In order to

estimate the refractive index of glass as a function of its composition, the

Gladstone-Dale equation and the Lorentz-Lorentz relation have been most widely

used [34,35,36]. Based on Gladstone-Dale relation, Huggins and Sun [34]

provided a recipe for the calculation of the density, refractive index and

dispersion of a glass from its composition, expressed in terms of the weight

precent of its oxide constituents. The basic model predicts that the value of

Lhe index change resulting from the ionic substitution is given by
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o( - R0 AV (3)

where x is the fraction of cations replaced by the incoming ion, Vo is the

volume per mole of oxygen atoms, Ro is the refraction per mole of oxygen

atoms, and AR and AV are the changes in these quantities as a result of cation

exchange. In this simple model, the index change represented by (3) is caused

by two factors: the first term arises as a result of the difference in the

ionic polarizability of the exchanging ions and the second term represents the

contribution due to the change in the molar volume of the glass caused by the

difference in ionic radii of the two ions [Table I]. The simplicity of (3) is

very instructive. Consider the case of Li+ - Na+ exchange in soda-lime glass

[7]. The first term of is negative and -',e second term is also

negative. However, the an- )ntribution in this case comes from a local

contraction of the sample and consequent increase in the density which

increases the total polarizability per unit volume and the refractive index

increases. On the other hand, in the case of Ag+ - Na+ exchange the first

term of (3) contributes dominantly as the polarizability of silver ion is much

larger than that of sodium ion in the glass. The difference in the two ionic

radii is not very large. AV > 0 and the second term subtracts from the

first. Between the two extreme examples given above lies the intermediate

case of K+ - Na+ exchange. In this case the net index change as predicted by

(3) has been found to be two orders of magnitude smaller than the measured

values [37]. This discrepancy arises from the simplicity of the above model

in which the contribution caused by the large stresses induced by ion-exchange

is ignored.
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IV B. Stress-Induced Index Change

Ion-exchange process involves exchange of two cations of different ionic

radii at temperatures well below the stress relaxation temperature of the

glass [38]. As a result, the accompanying volume changes have to be

accommodated only in the direction normal to the substrate since the surface

is prevented from expanding (or contracting) laterally due to resistance to

bending of the glass substrate. This constriction gives rise to swelling of

the surface ;n the case of K+ - Na+ exchange [39] and causes residual

compressive stresses in the exchanged layer which are balanced by tensile

stresses in the substrate. The stress-optic effect contributes to the index

change by increasing the compressive layer index and decreasing the index of

the tensile region [38]. The stress profile generally follows the

concentration profiles. Moreover, since the residual stresses are

anisotropic, the index change depends on the state of polarization of the

optical electric field, i.e., the resulting waveguides are birefringent

[13,38].

Analysis of stress in planar and channel ion-exchanged waveguides has

been investigated and the resulting birefringence [38], surface damage

(cracks, elevations and dips) and swelling [38,39] have been observed as well

as explained [36,37,38,39]. Typical values of birefringence in K+ - Na+

exchange, carried out in 350-400'C range are - 1 x 10-3 whereas in the case of

Ag+ - Na+ exchange no birefringence has been detected when low melt

concentrations are used. Moreover, as pointed out earlier, the dominant

effect which contributes to index change in K+ - Na+ case arises from the

compressive stress [37].
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Another factor which causes stress in ion-exchanged waveguides is the

mismatch between the thermal expansion coefficients of the waveguide and the

substrate materials. However, this effect is very small [36,38] and can be

neglected in comparison to the compositional stresses unless the exchange is

carried out above the stress relaxation temperature as in the case of

Li+ - Na+ exchange in aluminosilicate glass [40].

V. Diffusion Kinetics and Index Profile

As was pointed out earlier, the index profile in ion-exchanged waveguides

is a replica of the diffusion (concentration) profile which can be calculated

by solving the diffusion equation with appropriate boundary conditions.

V A. Diffusion Equation

In silicate glasses, only small monovalent cations diffuse readily

whereas the oxygen anions remain fixed in the silicon-oxygen network. The

diffusion is characterized by the self-diffusion coefficient Di .  In the

binary ion-exchange process the cation A is transported via diffusion process

within the glass where it exchanges with the other alkali cation B which has

to diffuse out. The flux of each cation species is given by [41]

+ a2kn a.

1 1 1 atnt@R i

where Oi = molar flux of cation i (roles/m 2-s)

u i = electrochemical mobility (m2/V-s)

C. = concentration of cation i in glass (moles/m3)

and electric field (V/m).

27



The tracer (self) diffusion coefficient Di depends on temperature and

glass composition. The temperature dependence of Di below the glass

transition temperature can be fit to the Arrhenius equation [3]

Di = D exp (-Qi/RT' (5)

where Q is called the activation energy (d/mole). It is believed the Q is

made up of two contributions: the Coulombic energy required for separation of

positive and negative charges, and the energy required to squeeze an ion

through a restricted opening in the network.

As regards the diffusion mechanism in glasses, various theories have been

proposed and to date no unified picture has emerged. In the simplest picture

leading to (5) it is assumed that the transport of the alkali ion takes place

via tunneling from one vacant site in the glass network to another adjacent

site if it acquires the necessary energy to surmount the energy barrier. If

the ionic transport (conduction) mechanism is also assumed to be the same

under an applied field, then Nernst-Einstein relation results:

k = kT
S R i ei (6)

Ni e e

where k is Boltzmann constant, Ni is the total number of cations of the kind

under consideration oi is the ionic conductivity, and e is the electronic

charge.

In most glasses, however, the thermal cation migration process is

slightly different from the electric field induced transport and (6) is not

obeyed. The relation between the self diffusion coefficient and mobility is

instead written as
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Where fi is a correlation factor whose value depends on glass composition and

varies from 0.2 to 1. The factors leading to deviation from (6) in glasses

are summarized in [4] and references therein.

Another important characteristic of the self-diffusion coefficient which

is of interest in ion exchange is the mixed alkali or double alkali effect

[423. When a second alkali is added to a glass, a significant reduction in

the self-diffusion coefficient of the original alkali ion occurs. While this

reduction occurs whether the second alkali ion is smaller or larger than the

original one, the magnitude of the change varies directly with the

concentration and the size mismatch of the second alkali. In fact, the self-

diffusion coefficient of an alkali ion is always considerably higher than that

of the impurity alkali ion and the diffusion curves of the two alkalis

intersect at a certain concentration ratio, suggesting the alternation of the

principal current carrying species. As a result, the electrical conductivity

passes through a minimum where the two diffusion curves intersect. Although

such a concentration dependence of the self-diffusion coefficients has been

measured in several glasses [42], the data for most glasses of practical

interest for ion-exchanged glass waveguide applications are almost

nonexistent. This is specially true for the Ag+ - Na+ case as silver-rich

glasses have not been fabricated and studied. The mixed alkali effect has

considerable influence on the diffusion profile [8].

Returning to the flux equation (4), t includes any externally applied

field as well as the component arising from a local space-charge distribution

near the diffusion boundary which moves deeper into the substrate as time
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evolves. The space-charge region is caused by the lower mobility of the

incoming ion (PA < p-B) and is governed by the following relation:

v ( p (8)

where the local space-charge density p is given by

p e(CA + CB - CB° ) (9)

In the above equation CB0 is the absolute concentration of the cation B in the

glass before the ion-exchange. For weakly guiding case, the change in the

dielectric constant due to ion substitution is very small and (8) can be

replaced by

v • t = p/E (10)

In some cases of interest the space-charge effects can be neglected and the

condition of charge neutrality

A+ B B (11)

is found to be very nearly valid during diffusion [43]. The diffusion

equation can be derived by combining (4), (11) and the continuity equations

for the two cations. It can be written in the following form [44]:

at A - n__ _ -__2___

-A C A +  n A2 CA (12)
1 - CA 1 - CA
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where... "A

where a = (1 - -) and n was defined in Section III. In (12) it has been

assumed that the Ngrnst-Einstein relation is satisfied.

V B. Diffusion without external field

In this case it can be shown [43] that the two-dimensional diffusion

equation becomes

3NA nDA aNA a nDA (A)1
t = ax- A iax ) +  -a aN-A--y (13)

l- aNA I A

Further simplifications occur in the following cases:

(i) a = 0, i.e.; the two cations are equally mobile. In this case

2-.
NA a NA a NAat= nDa 2 -2 (14)

A nD( 2 + 2ax ay

(ii) FA << 1 , i.e., the concentration of the incoming ion is much

smaller than the host alkali ion in the glass. In this case also the

diffusion equation reduces to (14). This approximation is not valid

when diffusion is carried out from concentrated melts (e.g. K+ - Na+

process from pure KNO3 melts), but is reasonably valid for dilute

silver melt concentrations in NaN0 3 used for single-mode waveguide

fabrication (see Fig. 1).

(iii) In the case of planar waveguides (13) reduces to

an ax A a) 
(15)
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where D is called the concentration dependent interdiffusion coefficient given

by

B = nDA/(I - aNA (16)

which can be written as

AB (17)

DA RA + D5B R B

Note that the concentration dependence in b above comes explicitly from the

term N A in the denominator. It does not account for the concentration

dependence of individual self-diffusion coefficients mentioned earlier. For

the two cases (i) and (ii) pointed out above, 0 nDA and the diffusion

equation takes the simplest form

2
SNA a A

t = n DA 2 (18)
ax

A complete solution of (18) requires knowledge of the initial and two boundary

conditions. For

RA(X,O) = 0 for x > 0

A (.,t) = 0

for all t > 0,

and NA (Ot) =
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the solution is [27]:

NA(Xt) = Noerfc(x/Wo ) (19)

where W° = 2 V nD At is called the effective depth of diffusion and corresponds

to that distance from the waveguide surface (x = 0) where

(NA/No0)= erfc(1) = 0.157 . The l/e width We = 0.64W o . Such index profiles

have been observed in dilute Ag+ - Na+ exchange [19,45], Cs+-K + exchange [9],

and K+ - Na+ process in BK-7 glass [14].

In general, ion-exchange is carried out from concentrated melt solutions

and ion-exchange equilibrium results discussed in Section III show that near

the glass surface, NA + I . Moreover, in most cases of interest, a + 1 .

Crank [27] has given the solutions for various values of a. Step-like

profiles are obtained when a approaches unity (e.g. Cs+ - Na+ [8]) and

Gaussian-like diffusion profiles are obtained for intermediate values of a

(e.g. K+ - Na+ [46] or Ag+ - Na+ when qAg 1 1 [41,43]). In all these cases,

numerical techniques [18,43,46] have been used to solve the nonlinear

differential equation (15).

V C. Ion-Exchange with External Field

The migration of incoming ion can be enhanced by applying an electric

field across the substrate. In this case one has to solve the combined system

of equations (12) and (10). This has to be done numerically. In the planar

case, however, approximate analytical solutions are obtained for the following

specific cases:

(i) For the special boundary conditions
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N 3A =0 for x 0
A o ax

and

A "NA 0 for xA ax

the solution of (12) for one-dimensional case is [47]:

NA(X) = h 0 + exp [vf O 0 (x - vt)]} - I  (20)

with a concentration-dependent diffusion front velocity

v = Vo(1 - a)/(I - an 0) (21)

where vo = i0/eC B depends on the ionic current density io caused by the

applied field.

(ii) For low concentrations (NA << 1) , (12) in planar case reduces to

2
NA a n A "A

at = A _7 ax 22
ax

and N A(x,t)is calculated by a Laplace-transform technique [48].

N A =1/2 NRo{erfc(x' - r) + exp(4rx')erfc(x' + r)1 (23)

where x' = x/Wo = x/2VnDAt is the normalized effective depth of diffusion

without external field and r = uEt/W 0

It has been shown that in practical cases, even for N A as small as

0.2 such as in the case of single-mode Ag+ - Na+ waveguides [44,49], the space
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charge leads to steeper diffusion fronts when compared to the solution (23).

For large electric fields such that r > 2.5, it can bt shown [49] that the

contribution of the second term in (23) can be neglected and diffusion does

not play significant role in the index profile. Index profile is step-like

with the# diffusion depth given by vot [47].

Abou-el-Leil and Cooper [47] have analyzed the problem of electric field

induced ion-exchange in detail and compared their results with the data from

the viewpoint of strengthening of glass. Not much consideration was given to

the conditions characteristic of waveguide formation. Recently ,iumerical

solutions of (22) have been obtained [18,50] and compared with the

experimental results in the case of Ag+ - Na+ waveguides [18]. Figure 3 shows

these results for surface waveguides [18].

V D. Two-dimensional Waveguides

The case of channel waveguides is more complex due to the lack of

knowledge if boundary conditions when masks are present. In the absence of

external field, the two-dimensional equation (12) has been solved numerically

[43] but the accuracy of such calculations is limited by the simplifyinq

approximations involved in deriving (12) which is valid whenever the only

electric field present is that directly due to the imbalance of the Fickian

flux components (caused by .he nonequality of the two cationic mobilities),

The presence of the masks is expected to introduce an electric field generated

by the electrochemicat bias [51] between the meit and the mask. Presence of

such a bias results in side-diffusion of incoming ions under the masks giving

rise to wider index profiles than the mask or iing. [52]. A qualitative

comparision of the diff. sion modeling with the experimental mode field data in
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single-mode surface channel waveguides has recently been performed [53] and

the results show reasonable agreement in the case of Ag+-Na + process.

When an external field is applied to accelerate the transport of cations

in the glass, the complexity increases. Assuming that the interdiffusion

coefficient and mobility are concentration independent (a very severe

approximation in cases where a + I and double alkali effect is prominent), and

neglecting the diffusion term (r >> 1), Lilienhof et al [44] calculated index

profiles of highly multimode waveguides and observed a qualititative agreement

with the experimental results in Ag+ - Na+ waveguides. A constant index

change with step-like distribution was observed, as predicted by the

simplified approximations. These simplifications, however, are not expected

to give accurate results in the single-mode case as the diffusion term and

space charge effects may play significant role in practical cases of

interest. For example, in the case of single-mode Ag+-Na+ waveguides, we have

observed that for reproducible characteristics, t > 30 min. At 330' C

(fabrication temperature), u - 5.0 im2/V - min , D - 0.05 m2/1 and Emax - 30

V/mm. This gives r = 2 showing that diffusion effects must be considered to

give accurate profile. Moreover, when electric field is applied in the

presence of masks, severe side diffusion occurs due to depletion of sodium

ions under the masked region. To date, only one report of fabrication of

surface channel waveguides under these conditions has been published [54], but

no mention of a side diffusion was made.

V E. Buried Waveguides

In order to increase the symmetry of the index profile (thereby improve

fiber-waveguide coupling) and reduce the scattering losses caused by the

proximity of the glass surface to the waveguiding region, a second-step ion-
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exchange is necessary in absence of cations A in the melt. The diffusion

equation is solved numerically in this case with the first-step index profile

as the initial condition [18]. In the case of planar guides, results show

[18,49] that the width of the diffused guides varies as the square root of the

second-step diffusion time t2 and the depth Xpeak to which the guide is buried

is proportional to the product of the applied field E2 and the time t2.

Moreover, it is desirable that no field be applied in the first-step,

otherwise scewed nonsymmetric index profiles are obtained [55]. Figure 4

shows the comparison of the experimental results with those predicted

theoretically assuming concentration independent mobility, diffusion

coefficient and electric field. While these assumptions are reasonable in the

case of Ag+ - Na+ process used in [18,49] where dilute melt concentration

were used, the same does not hold for K+ - Na+ or Cs+ - K+ processes where

NA + 1 and the space charge effects play an important role. While one-step

electric field induced ion-exchange has been performed in the above two

systems, [56,9], no buried waveguides have been investigated to date. It has

been pointed out that the K+ ions in the glass do not diffuse out in the

second step [56].

Two-dimensional, buried channel waveguides have been fabricated by

several workers [44,51,53]. However, only one report of theoretical modeling

of Ag+ - Na+ process in buried waveguides under electric field has been

published thus far and that too was related to multimode guides [44]. A

detailed modeling of the two-step process in single-mode channel waveguides

still remains a challenge. In the following we point out some of the issues

which have to be addressed in order to achieve the desired correlation between

the theoretical analysis and experimental data.
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V F. Side- Diffusion

As mentioned earlier, side diffusion of cations A under the mask

increases the guide width and influences the index profile. Several authors

have paid attention to this problem [44,51]. Chartier et al [51] claim its

origin in the electrochemical potential between the mask and the melt. They

showed a qualititative agreement with the experimental profiles with numerical

discrepancies in the case of their multimode waveguides fabricated without any

externally applied field. Lilienhof et al [44] contended this hypothesis,

however, as the side diffusion in their multimode waveguides fabricated under

an electric field did not show any dependence on the mask material. The

origin of side diffusion in the later case may be attributed to the depletion

of cations A under the mask when a voltage is applied across the substrate.

Such a depletion is likely to distort the field lines and transport the

cations towards the region under the masks. This argument is supported by

lack of side diffusion observed in multimode waveguides when guard rings were

deposited in the proximity of the mask openings [57] and in the case of buried

waveguides where no additional side diffusion is observed when electric field

is applied in the second step with no mask present [53]. Although a

quantitative measurement of the large side diffusion in single-mode guides

made by Ag+ - Na+ exchange has been reported [52], no theoretical analysis has

been performed to account for its magnitude. Nevertheless, two-dimensional

fiber-like index profiles can be produced by the two-step process by choosing

proper mask openings [53] as we will describe later in Section VII.
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V G. Space Charge Effect

Space charge is created by the unequal ionic mobilities ( IA/1B 1 ).

Since the substrate glass is rich in cations B, UA < 1B when glass is immersed

in the melt. Cation B migrates faster than A, causing space-charge region.

However, as ion-exchange proceeds, the depth of the cation A rich region

increases and in this region uA > 1B provided sufficient cations of species B

have been replaced by A. As a result of this interplay, the ionic

conductivity of the glass varies across the substrate, being the lowest in the

space-charge region. This variation is time-dependent and the ionic current

is not constant [25]. The extent to which space-charge effects modify the

index profile depends upon the range of variation of "A and iB in the two

extreme concentrations. In the case of Ag+ - Na+ exchange, the effects are

not severe and the ionic current is time-independent during the process [53].

However, in the cases such as K+ - Na+ it may be an important factor and

therefore must be considered in the analysis.

VI Fabrication and Characterization

VI A. Fabrication

The schematics of the ion-exchange technique from molten salts is shown

in Fig. 5. The melt is held in a crucible or beaker which is kept at a

constant temperature by enclosing it in a furnace. The melt consists of the

appropriate salt as the source for the diffusing ions. The desirable

characteristics which influence the choice of the salt for a given ion are its

melting point and the dissociation temperature. Nitrate salts have been used

extensively as they have some of the lowest melting temperatures and exhibit

reasonable stability. The diffusion temperature is adjusted to control the

rate of diffusion. In some cases, melting temperatures can be lowered by
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using a mixture of two nitrate salts [58]. For example, pure Ki03 melts at

334°C and pure NaNO 3 at 307°C; however, a mixture of lOwt% KN0 3 and 90wt%

NaNO3 melts at 290°C. In the schematics of Fig. 5, silver ions are released

electrolytically [12] and their concentration measured during diffusion [59].

For planar waveguide fabrication, polished glass substrates are immersed

in the molten bath by using an aluminum sample holder. Strip waveguides are

prepared by first carrying out photolithography to create masked regions of

aluminum or some other material such as A1203 , Si0 2 , etc. In order to apply

the electric field during the ion exchange process, two approaches have been

implemented. In one case, the negative electrode consists of a platinum wire

pressing against a gold film evaporated on a thin chromium film on the back

surface of the glass sample [49]. Chromium is helpful in making a good

contact with the gold film. An alternative to the gold film is to use a

molten salt mixture. This eliminates the step of evaporating gold and

therefore, is the less expensive method. The melt has to be kept bubble-free

to assure uniform field across the substrate. In either case, the anode

consists of a platinum wire immersed in the molten salt as shown in Fig. 5.

The resistivity of the melt depends on its composition and temperature and

there is a potential drop across the melt which may be of the order of 10% of

the total applied voltage for 1mm thick soda-lime glass substrates with 4-5

cm2 area [49].

VI B. Characterization

The important characterization of passive waveguides includes :1easurement

of index (dopant) profile, propagation constants of the guided modes,

attenuation and mode field pattern.
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There are two different approaches for measurement of the refractive

index profile in a glass waveguide fabricated by ion-exchange process. One of

these involves measuring the dopant profile using analytical tools such as

electron or ion microprobe [5], analysis of back-scattered electrons in a

scanning electron microscope [55], or atomic absorption spectro-

photometry [28]. The other alternative is to carry out optical measurements

of parameters such as surface reflectivity or mode indices of the guided

modes. The latter data are then used to derive the index profile by using

inverse WKB approximation [60].

Concentration Profile

Electron microprobe has been used to measure the profile of the diffusing

ion [5]. In this technique, the high-energy electrons are collected and

analyzed for the concentration of the ion of interest. The results have to be

analyzed carefully as the presence of other ions e.g. Ca+ +, Al , Mg++ etc.

in the glass may give rise to spurious effects [5]. Electron microprobe is

universal in the sense that any ion can be analyzed. However, sensitivity

depends strongly on the ion and the data can be very noisy to draw useful or

definite conclusion, particularly if the concentration of the ion is extremely

low, such as the case of Ag+ - Na+ exchanged single mode waveguides [12].

Scanning electron microscope can be used for determination of the profile

in two ways. One either analyzes the x-rays (energy dispersive spectrometry,

EDS) characteristic of the ion in question [17] or, alternatively, analyze the

back-scattered electrons originating from the ion [55]. Both have been

successfully used to measure Ag+ concentration in soda-lime glass

waveguides. The resolution is of the order of 1 um and since the scattering

efficiency is higher for ions of larger atomic numbers, only heavier ions such
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as Cs+ , Rb+ and Ag + may be amenable for this analysis. High mobility of ions

such as sodium under the beam precludes their measurement using this method.

Atomic absorption spectrophotometry is an analytical tool for

concentration measurement of any element. Here a thin layer of the sample

surface is etched using HF and the solution is analyzed for the ionic

concentration. Subsequent etching is performed and the analysis repeatedly

carried out until the concentration profile is determined [28]. Depending on

the diffusion depth, and the spatial resolution desired, the number of steps

may be anywhere between 10 and 20. The technique is destructive but is

capable of giving absolute concentrations without a great deal of effort.

Refractive-Index Profile

Although for low concentration of the diffusing ions generally

encountered in ion-exchange problems the concentration profile gives the

refractive index profile, there are cases where this is not true. In fact, it

has been shown recently that Huggin's relation [34] widely used for predicting

the index change upon substitution of the host ion by the diffusing ion, does

not hold in certain cases such as in K+ - Na+ case [37] or when Ag+ - Na+

exchange occurs from pure AgNO, melt in high-content sodium glasses [32].

Thus, it is of great importance to know the index profile and surface index

change directly.

There are several techniques for measurement of the index profile in

waveguides. These include interferometry, reflectivity measurement and the

inverse WKB method which relies on the mode indices data.

Interferometry is by far the most accurate and direct tecnnique 7".

However, the sample preparation is time consuming and laborious ind tie

technique is destructive. The two-dimensional index profile can 3lso ce

determined by measuring reflectivity from polished faces with the aid of an
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optical multi-channel detection system [44]. The surface of the sample is

first beveled to a small angle (few degrees) and then illuminated at normal

incidence in an optical microscope. The two-dimensional reflectivity is

measured by a vidicon tube attached to the microscope. The index distribution

is calculated from Fresnel's formula. High spatial resolution can be easily

achieved because of the beveling. The system can be calibrated by measuring

the reflectivity of a known sample. It is necessary that the vidicon resrclse

be linear for the intensity levels involved and sample surface be very

clean. The system should be capable of accounting for the stray light.

Requirement of absolute measurements of power levels make this technique

subject to error. The resolution of index change measured is limited to 10-

making this method suitable only for multimode guides.

Although both the methods described above yield the index distribution in

two dimensions, they require absolute measurements of illumination. Another

method which yields the index profile of the waveguide relies on the

measurement of mode indices. This can be easily accomplished by the prism

coupler technique [61] with accuracies approaching 1 x 10- 4. From the mode-

index data, the index profile is derived using the inverse WKB method [60].

While this method gives reasonably good results in multimode guides in the

case of ERFC and exponential profiles, there are serious problems in

determining the refractive index near the glass surface [60] as well as at the

profile tails (where it approaches the substrate value and mode index values

are inaccurate). Thus, care should be taken in the case of Gaussian or step-

like transitions such as the case of electric-Field induced ion-exchange or

the Cs+ - Na+ ion-exchange (where the double alkali effect gives a sharD,

step-like profile [8]). Moreover, the WKB approximation is known to ,e

erroneous near the mode cutoffs [62]. The method may thus give reliable
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results for diffusion depths but the value of surface-index change is always

subject to error. In case of surface waveguides (such that prism coupling can

be employed for measurement of mode indices) with the large number of guided

modes, WKB method has been used extensively for characterization of

waveguides. In the Ag+ - Na+ exchanged single-mode guides the index profile

is ERFC (NAg - 10-4). W0 and An thus are determined by fitting the measured

mode indices to those calculated by solving the Helmholtz equation and

treating Wo and An as adjustible parameters [45]. Alteratively, an effective

interdiffusion coefficient De can be defined via the diffusion

depth W = VD-Tj46] . Table II lists values of b and activation energy Q fore e

various ions.

Attenuation and Mode Field Profile

The techniques for measurement of attenuation and mode field profile in

ion-exchanged waveguides are similar to those used in integrated optics with

Ti:LiNb03 waveguides. For planar guides, attenuation can be measured by the

three-prism method [63]. This method measures total attenuation, i.e.,

contribution from scattering as well as absorption. Alternatively, scattering

contribution to attenuation can be measured independently by probing a fiber

tip along the waveguide and capturing the scattered signal. The variation of

this signal as a function of propagation distance along the waveguide is

plotted to determine the scattering loss. If the attenuation is below 0.1

dB/cm, neither the three-prism nor the fiber probe method is adequate and one

resorts to resonant structures such as Fabry-Perot ring resonator [64,65]. 1n

this case light is coupled into a ring waveguide from a straight waveguide by

distributed directional coupling mechanism and the output from the ring is

extracted in a similar fashion. By measuring the transmission of the Frabry-

Parot as a function of temperature, both the finesse and the contrast can be
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determined and from these parameters the loss per unit pass can be extracted

[65]. Another method of estimating propagation losses in single-mode channel

waveguides is described in the following section.

Mode field profile measurement is of paramount importance in waveguide

characterization. Fiber-waveguide coupling, performance of the directional

coupler, curvature-induced losses, all depend on the mode field. Near field

method shown schematically in Fig. 6 is the most convenient and direct way to

measure the field pattern. In fact, beside the waveguide mode field, the

method shown here allows determination of various other parameters with very

little additional effort. These are: the fiber mode field, the fiber-

waveguide coupling loss and the propagation loss in the waveguide. The

measurement procedure is as follows [66]:

Light from either a He - Ne laser or a 1.3 pm semiconductor laser is

coupled into a short piece of a single-mode fiber. The fiber is either

birefringent type so that it maintains the linear polarization or in the case

of conventional fiber, the fiber is kept as steady as possible to prevent

polarization fluctuations and linear output polarization is achieved by

adjusting the compensator at the input end. Linear polarization allows

excitation of either TE or TM like modes in the guide. The waveguide output

is collected by a high-quality planar objective by imaging the waveguide end

on a phodetector/amplifier with a pinhole mounted at the front end of the

detector. The two-dimensional nearfield intensity pattern is measured by

scanning the detector horizontally and vertically. The Fabry-Perot effect

caused by the Fresnel reflections at the fiber-waveguide gap can be eliminated

by adjusting the spacing for maximum transmission [66]. Fiber-near field can

also be measured using the same procedure after removing the waveguide. The
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magnification of the system is determined by imaging a known mask pattern at

the detector face and scanning the detector.

In order to determine the fiber-waveguide throughtput efficiency, the

output from the fiber is first measured. Then the waveguide is adjusted for

maximum transmission and the output once again measured. Accuracies of the

order of O.O1dB can be achieved using this procedure [66].

In order to derive the propagation losses from the measurement of

fiber-waveguide throughput loss and the fiber and waveguide mode profiles, the

following procedures can be used. The total throughtput loss is male of three

components: 1) Fresnel loss due to reflections of the optical field at the

waveguide input and output interfaces, 2) the propagation loss, and 3) mode

mismatch loss due to different field distributions of the single-mode fiber

and channel waveguide. Since the refractive indices of the fiber and glass

substrate are very nearly equal (1.46 and 1.51 respectively), the Fresnel loss

is small. Nevertheless, it can be made negligible if the fiber-waveguide

spacing is adjusted for maximum transmission. The mode mismatch loss is

calculated by evaluating the normalized overlap integral '67].

[ f S E f(x,y) E (x,y)dxdy 2

n2 
(24 )

f f E2f (x,y) dxdyl[ f f E g (x,y) dxdy]
-W -00_

where Ef (xy) and Eg (x,y) are the mode field profiles of the 'iber ind

waveguide respectively. The mode-mismatch loss is given by -10 nl o n. f F

it is assumed that the two mode profiles are Gaussian along both the x and y

axes, then
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x y

where wx and wy are the l/e intensity full width and depth of the waveguide

mode and d is the 1/e intensity diameter of the fiber mode. Although the

Gaussian mode approximation may be reasonable for well-guided modes in buried

channel waveguides where the field distribution tends to be symmetric, surface

waveguides with not-so-well guided modes deviate from the Gaussian case and a

numerical evaluation of integral (24) is necessary to determine the

mode-mismatch loss accurately.

Once the mode mismatch losses have been determined, the propagation loss

in the waveguide is obtained by subtracting is from the overall fiber-

waveguide throughoutput loss.

VII Results

VII A. Single-mode Waveguides

Most of the progress is the area of single-mode guides in the past few

years has occurred in three basic cation pair systems, namely Ag+ - Na+ , K+

Na+ and Cs+ - K+ exchange. In the following, we summarize these results.

Ag+ - Na Exchange

This is by far the most studied system. There are several advantages of

choosing this cation pair:

(i) Index change can be varied diluting the AgNO 3 melt qith NaNO,.

Dilute concentrations also help reduce reduction of Ag+ to etallic

silver [43]. No birefringence or depolarization is observed. Losses

are also kept low.

(ii) Diffusion temperatures are the lowest and diffusion times are also

reasonable as silver has high mobility.
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(iii) Precise control of NAg can be maintained using electrolylic release

method [12]. This allows reproducibility in propagation constant of

I x 10- 4 .

(iv) Buried waveguides are easy to fabricate by thermal diffusion as Ag+

near the glass surface duffuses out in the second step ion exchange.

(v) Film diffusion technique can be adopted for dry diffusion.

(vi) Low concentrations of silver in the glass allow modeling without the

complications involved in concentration dependence. Moreover, the

space-charge effects have minimum significance since 1Ag and

are of the same order.

(vii) Concentration profile can be measured non destructively using the

SEM technique [55].

An extensive study of Ag+ - ;a+ planar guides has been performed at the

University of Florida over the years with a view to fabricate single-mode

waveguides optimized for operation at 1.3 um. The results can be summarized

as follows:

(i) The surface-index change An is given by Fig. 2 and fiber-compatible

guides can be prepared with NAg - 10-4.

(ii) The index profile has been determined using several different

techniques. Figure 7 shows the planar waveguide index profile as

measured by these methods.

(iii) Planar waveguides fabricated under the influence of applied field

show step-like profiles. Using U UA~t, the mobity o bf silver

ions in glass is determined to be 5.0 im2/nin V at 33,9' C.

(iv) Channel surface waveguiJes prepared hy thermal diffgjsion jsing z

masks were compared to planar guides. Figure 8 shows the typical
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index profile [52]. The values of 6n and diffusici depth and width

depend on the mask width as shown in Figs. 9,10 and 11

respectively. For mask width Wc > 5umn, the values of An and the

width approach the respective planar values. Because of the side

diffusion the waveguide width for Wc ~ 5 1, can be made fiber

compatible for 1.3 un operation privided the aspect ratio be kept

close to unity, i.e. the waveguide Jepth be increased witiLout

affecting the width significantly. This was achieved when wa'eguides

were buried by applying electric field in the second step [53]. The

ratio of the additional depth to the side diffusion is given

by r E t The magnitude of the field was kept sufficiently

high and2P1he exchange tirie smali so that the thermal diffusion is

low. It is necessary to remove the metallic mask in the second step

so that Na+ ions can enter the glass irough the prc'iously masked

regions. Otherwise, their depletion would cause side diffusion of

silver.

A study of the effect of mask material on the side diffLsion has been

performed [68] and preliminary results obtained indirectly frum the mode field

measurements show that the mode width is somewhat reduced if AZ20 3 mask is

used in the first step. Because of low concentratior of silver involved in

these buried guides, SEM technique is inadequate for profile determination.

Figure 12 shows the intensity profiles of typical surface waveguides ,

obtained by scanning the near field along the depth (vertical - V, normal to

the substrate plane) and width (horizontal - H, in the ,ubst-ate plane)

directions. Notice the asymmetry along the depth direction caused hy the air

interface. The dotted curves show the fitted Gaussian using the maximization

criteria of the launching efficiency given by (24). The mode field asymmetry
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of the surface guides causes fiber-waveguide mismatch loss and additional

scattering losses. When the guides are buried, the mode symmetry is improved

and circular fiber-like distribution is produced [531. The mismatch loss of

0.2dB, obtained in the optimized case of mask widths "c in the 5-6 Um range is

relatively insensitive to the exact value of the mask width. This relative

insensitivity of the total loss to the exact channel width is very

encouraging. The propagation losses of 0.4dB/cm at 1.3 om in commercial

sodalime microscope slide have been achieved in these buried waveguides. The

measured mode intensity distribution is in qualitative agreement with the

solution of the Helmholtz equation [69]. However, a quantitative comparison

cannot be made lest the index profile be modeled more realistically. Efforts

are presently underway to obtain a correlation in channel waveguides to the

same level of satisfaction as is obtainable in planar guides [13].

While the attempts to optimize the single-mode guides for low losses and

fiber compatibility have given favorable results, the progress on the device

end using Ag+ - Na+ exchange has been tardy. Part of this can be attributed

to the lack of enthusiam owing to the general belief that silver glasses are

lossy and prone to deterioration in their optical transmission. While this is

true if pure AgN0 3 melts are used, single-mode structures with low silver

contents are not likely to suffer from these Jrawbacks. The early efforts of

Walker and Wilkinson [64,70] in Ag+ - Na+ devices using pure AgO 3 melts

included fabrication of directional couplers and ring resonators which showed

high losses. Working on similar ines substantia'l proaress has )een repor.ted

in ring structures by Mahapatra and co-workers [65,71,7?] with losses of the

order of - 0.8 dB/cm at 0.63 vim and a finesse of 55 for the ring. Recently,

buried directional couplers for wavelength multiplexing at 0.85 un and 1.30 um
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in a borosilicate glass has been reported using dilute melts [56]. However,

the losses are still high (- 1 dB/cm) and the waveguides support two

transverse modes at 0.85 Pm. In none of the above studies reproducibility

factor has been adquently discussed and at present it is not clear what the

limitations will be.

K+ - Na Exchange

This system has by far been the most used for single-mode device

fabrications. This preference may be attributed to two principal factors:

(i) The index change with pure KNO 3 melt is highly compatible with

single-mode fibers.

(ii) Unlike Ag + - Na+ process, no conentration control of the melt is

required.

Yip et al [13,46] have reported an extensive study of K+ - Na+ planar

guides in soda-lime glass. It includes determination of the index profile,

measurement of the interdiffusion coefficient and its temperature dependence,

An, and birefringence. Similar studies have been extended to BK - 7 [14],

Pyrex glass [14], and semiconductor-doped colored glasses [73]. Index profile

and stress-induced index change and birefringence have been calculated and

correlated with the experimental data [36,38,46,73].

Single-mode devices have been observed to preserve the polarization

[15,74] with cross coupling of 25 dB. Both, Y-type and directional coupler

type 1 x 3 star couplers have been fabricated [74,75], analyzed [74] and

characterized [74] with losses as low as 0.5 dB/cm at 0.63 ;m. Directional

couplers using one-step [56] as well as two-step [76] process have been

fabricated and characterized. The attenuation of 2.1 dB in the former case

(66 mm long waveguides) is caused by the surface scattering. However, the
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authors claim that their attempts to bury the K+ - Na+ waveguides were

unsuccessful and they attribute this to a strong affinity of K+ to the glass.

Symmetric and asymmetric couplers consisting of two circular guides or a

pair of a straight and a circular waveguide have been fabricated using

K+ - Na+  process in BK - 7 glass [77]. The coupling ratio varies

exponentially with the separation and the results are in good agreement with

the calculations performed using coupled mode theory [77] as well as Beam

Propagation Method [54]. In the latter work, an electric field was applied

across the substrate and identical mode fields at 0.63 im were obtained for

2 pm and 4 jim wide windows. It is not obvious whether this was a result of
the two waveguides having same index profile (cu. by diffe side

diffusion in the two cases) or it was due to the weaker guidance in the 2 Im

channel.

Cs+ - K+ Exchange

This cation pair system has recently been adopted by several workers in

West Germany [9,16,78]. They use a special glass BGG21 made by Schott

Glassworke. The composition of the glass [9,16] is such that it allows

optimization of the process parameters for single-mode waveguide

fabrication. The waveguides are nearly stress-free [16], low-loss (<0.1

dB/cm) and reproducible [33] and can be buried using a two-step process

[78]. Diffusion is performed from a molten mixture of CsNO 3 and CsCZ which

gives An = 0.04. Dilution with K103 gives smaller An and can be controlled to

the desired value [78]. Characterization of the ion-exchange process using

planar waveguides appears to be complete, paving the way to useful device

fabrication.
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VIII Conclusion

Recent developments in the study of ion-exchange process have permitted a

better understanding of the role of the processing conditions and the

substrate glass in influencing the index profile of planar, surface and buried

single-mode waveguides. While such detailed correlations in the case of Ag+-

Na+ exchange have allowed fabrication of low-loss, fiber compatible,

reproducible, buried channel waveguides whose characteristics are in

qualitative agreement with those predicted by solutions of the two-dimensional

diffusion equation with simplified approximations, difficulties remain in

obtaining quantitative agreement with the theory under realistic processing

conditions. Buried waveguide fabrication using K+-Na+ process still remains

to be demonstrated and optimized for losses and mode symmetry. The subject of

the tolerance of processing parameters required for a specified degree of

assured reproducibility is an open question as is the concern with the

prevalence of myrads of non-standard glass compositions. Finally, the issues

of the possible degradation and other ultimate limitations of ion-exchanged

waveguide components have to be resolved. Nevertheless, significant

developments in fabrication of devices such as multiplexers, star couplers,

and ring resonators using Ag+-Na+ as well as K+-Na+ process have stimulated

renewed interest in other cation pair systems for fabrication of single-mode

devices and in spite of the belated entry into the arena of integrated optics,

glass waveguides appear to be more viable candidates for applications as

passive 1-0 components than ever before.
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Table I. Easiest Result of Ion-Exchanged Waveguides for Various Ions. The
host ion is Na .

Ion Radius Polariza bility Glass Melt Temperature vn Reference
AO  A. ( 0 c)

TI + 1.49 5.2 Boro- Tl NO3  530 0.001 1
sil icate

+KNO 3  -0.1

+NaNO 3

K+  1.33 1.33 Soda-lime KNO 3  365 0.003 5
and

Ag+  1.26 2.4 Alumino- AgN0 3  225- 0.13 5
silicate 270

Li + 0.65 0.03 Soda-lime Li2SO4  520- 0.012 7
620

+K2SO4

Rb+  1.49 1.98 Soda-lime RbNO 3  520 0.015 3

Cs+  1.65 3.34 Soda-lime Cs O3 520 0.03 8

Cs+  1.65 3.34 BGG21 Cs NO3  435 0.043 9*

+C sCl

Cs+-K + ion exchange. For Na+ ions, ionic radius is 0.95 A and its
polarizability is 0.43 A° 3 .
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Table II. Diffusion Coefficients of Various Cations in Glasses used for
Waveguides.

Cations Glass Temperature 4 Q Reference
(0C) (/0 1 m2 /s) (10 J/mole)

Tl+  Borosilicate 530 20 -- 1

Li+  Soda-lime 575 64 14.2 7

Ag+  Soda-lime 374 0.7 9.1 11

Ag+  Borosilicate 615 0.26 9.1 44

g+ Soda-lime 215 0.010 -- 43

Ag BK-7 320 0.025 9.8 10

Ag+  Soda-lime 330 0.01- 8.9 49
0.03

K+  Soda-lime 385 0.11 12.5 13

K+  BK-7 385 0.14 -- 14

K+  Pyrex 385 0.06 -- 14

Cs+  BGG21 407 0.32 20 9

Na+  Soda-lime 371 12 16 41
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Figure Captions

Fig. I. Variation of An and W (measured at I/e point) of silver film

diffused guides at 275°C with applied voltage (Imm thick

substrate). [25].

Fig. 2. Variation of An and the glass surface-silver concentration NAg

with the melt concentration NAg. [19].

Fig. 3. Refractive index profile of planar surface Ag+ - Na+ waveguides

using WKB method (0) with electric field and (x) without applied

field. Solid curves are the best fit to data using theoretical

calculations [18]. Curve I is ERFC and 2 is the fit to Eq (23).

Fig. 4. Calculated variation of the index peak position Xpeak and the I/e

index width W with the second-step parameters [18]. curves 1,2,

and 3 correspond to E2 = 10, 40, and 70 V/mam respectively. The

data points (x) are from [49].

Fig. 5. Schematics of Ag - Na exchange using electrolytic release [12]

and on-line concentration control [9].

Fig. 6. Experimental arrangement for measuring near-field profile and

waveguide losses [66].

Fig. 7. A comparison of the index profile results using varicas techniques.

+AAS [28], x SEM [49], 0 Inv. 1KB, * Electron microprobe, - fitted

ERFC to the measured mode indices using finite-difference

method. W = 2/Dt

Fig. 8. Silver concentration profile in chonnol aaveiuides ieasired hv

SEM. NAg = 2 x 10- 4 , T = 330°C and t 60 i2iin. "Idsk opening

width = 10 um. Insets represent the I-D scans along the dotted

lines. [52].
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Fig. 9. Comparison of su-face-index change of channel waveguides with

planar yuides as a functio,, of mask width. [52].

Fig. 10. Diffusion depth of surface channel waveguides as a function of mask

width. The horizontal lines represent planar guide widths under

identical diffusion conditions. [52].

Fig. 11. Variation of aspect ratio (width/depth) and total side diffusion

(guide width-mask width) as a function of mask qidth for surface

channel waveguides. [52].

Fig. 12. Typical mode intensity profiles of single-mode surface channel

waveguides at 1.3 vim x horiznntal, 0 vertical. The curves

represent the best Gaussioi fit using (24). [53]. n = 0.933 for

fiber with l/e intensity width of 6.83 ,jm, showing 0.30 dB coupling

loss.
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Abstract

There has been considerable interest in recent years in the technology

for fabrication of glass waveguide components for integrated optics and sensor

applications. This paper reviews the recent developments in the ion-exchangp

technology of single-mode glass waveguides and components. Fabrication,

characterization and modelling of both surface and buried, planar as well as

channel waveguides involving a two-step ion-exchange process are described.

It is shown how a systematic study allows a correlation between the process

parameters: namely, composition and temperature of the molten salts, diffusion

time and applied field at each step, and the waveguide performance. We

present the results on low-loss single-mode waveguides with mode field

distribution compatible with single-mode fibers at 1.3 um with a view towards

optimization of passive devices at this wavelength.
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Introduction

The ion-exchange technique has received increased attention in recent

years because it has been found to improve the surface-mechanical properties

of glass [1] and, more importantly, to introduce a gradient index in the

glass. The technique has been successfully used in the manufacture of low-

loss optical fibers, gradient-index optical components for imaging app-

lications, and, more recently, in the fabrication of planar and channel

waveguides in glass substrates. In fact, glass waveguides are considered to

be prime candidates for integlrated optic (1-0) device appl cations sucn as

star couplers, access couplers, wavefront sensors, multiplexers, dernulti-

plexers, and in sensors such as gyroscopes. The importance of the glass

waveguide-based 1-0 components is borne out by their compatibility with

optical fibers and potentially low cost. In addition, they have low pro-

pagation loss and can be fabricated and integrated into the system with

relative ease. However, unlike its el ectro-opti c and semiconducting

counterpart substrate material s (e.g., Li NbO 3 , GaAs, etc.), index of the g 1 ss

substrate cannot be tuned by application of an external electric field, and

therefore glass devices must be fabricated with assured reproducibility within

specified tolerances.

For 1-0 applications, one of the most important criteria in the selection

of the host glass and the species of the exchanging ions is the simultaneous

achievement of low propagation losses and the desired refractive index pro-
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diffusion process he studied in detail to understand the role of the process-

ing parameters. n)nly through a careful correlation of these parameters with

the waveguide performance, it would be possible to estahlish guidelines for

fabrication of devices with the desired characteristics.

Ion-Exchanqe Process

Since Izawa and Nakagome F31 reported the first ion-exchanged waveguide

hy Tl+-',a+ exchange, optical wavquides in glass suhstrates have invariably

been fabricated by the ion-exchange process which creates a thin layer of

higher refractive index beneath the surface of the substrates. This is

normally accomplished by the diffusion of monovalent atoms of higher -olar-

izability, e.g., Cs+, Rb+ , K+, Ag+, and Tl+ into the qlass matrix where they

exchange with Na or K+ ions. Besides the polarizability of the cations, the

net index change also depends on the difference in the sizes of the two ex-

changing ions (formation of elastic stress in the glass) and the change in the

polarizahility of the oxygen ions. For example, when K+ replaces Na+, the

exchange causes the glass to swell and undergo stress-induced birefringence

F41. nn the other hand, whpn Li+ exchanges with Ma+ in soda-lime glass, the

glass index increases due to the collapse of the network near the smaller Li+

ion [51.

In practice, there are two approaches to wavequide formation by ion

exchange. In the most popular and widely studied approach r?2-5], the glass

substrate is immersed in a molten salt hath at an elevated temperature. In an

alternative approach F26-311, a metallic film is deposited on the glass

surface, and diffuision is carried out ny applying an external field to incorp-

orate the ions into the glass structure where they exchanoe with the alkali

ion. This method has been used only for the Ag+-Na+ process because, silvpr,

compared to other metals of the alkali group, does not suffer oxidation
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easily. In this paper, we will be concerned with ion exchange from molten

salt mixtures only with emphasis on single-mode waveguide structures.

Of the various monovalent ions exchanged in glass by diffusion, each one

has its advantages and drawbacks. For example, T+ is known to be somewhat

toxic but gives rise to a relatively large index change (-0.1) and is there-

fore more suitable for multimode waveguides [3,9]. The losses are also

reasonably low (-0.1 dB/cm). Ag+ is susceptible to being reduced (becoming

metallic) and thereby may introduce losses if diffused in large concentrations

[2,15,32]. K+ can be easily incorporated in soda lime [19], borosilicate

pyrex glasses [20], but the accompanying index change is substantially smaller

(-0.01) along with smaller diffusion rates. Thus large diffusion times (a few

hours) are required for suitable waveguiding to occur, limiting its use for

single-mode guides. On tne other hand, the diffusion coefficient of Li+ is

much larger, and hignly multimode guides with index profiles compatible witn

optical fibers can be produced in a few minutes [5]. The maximum index change

of the order of 0.015 can be achieved easily, but so far no low-loss guides

have been demonstrated. In the case of Cs+, the index change of the order of

0.043 has been achieved [21], but sufficient data are not yet available

regarding loss, etc. One disadvantage in using Cs+ is that it reacts with

most materials, and therefore diffusion has to be carried out in a platinum

crucible, thereby adding to the cost.

The K+-Na + and Ag+-Na+ exchange processes have been used by several

workers for fabricating single-nde devices such as star couplers, directional

couplers, filters and ring resonators [33-42]. While single-mode optimization

studies in Ag+-Na + case have been reported [45], no systematic study of the

fabrication parameters in the case of K+-Na + exchange has been reported so

far, with the result that the structures have not been optimized for loss and
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file. The propagation losses are dominated by absorption primarily due to the

presence of foreign impurities in the glass and the scattering contributions

caused by the glass inhomogeneity and surface or geometric imperfections. By

careful choice of the host glass, absorption losses as low as 0.07 dB/cm have

been obtained [2]. Scattering losses, on the other hand, are generally

introduced in the processing steps. Dopants introduce additional Rayleigh

scattering to the background losses caused by the multicomponent nature of the

glass. Reduction of the incoming ion in the glass matrix can give rise to

additional losses. Surface irregularities invariably interact with the

propagating field and contribute to losses by scattering. However, this can

be minimized by burying the waveguides under the glass surface by carrying out

a two-step diffusion process. Finally, even in straight channel waveguides

the imperfect boundaries present in the mask and reproduced during the

photolithographic process may introduce additional loss. This loss component

is less serious, however, since the diffusion process smooths out such

irregularities.

The refractive index profile, on the other hand, depends on various

parameters in an intricate manner. The composition of the host glass, the

nature of the incoming ion and its concentration in the source, the diffusion

temperature, the diffusion time, and the magnitude of the externally applied

field, all affect the index profile. While most of the research to date has

been concerned with the creation of multimode waveguide regions, for 1-0

applications it is mandatory that single-mode structures be reliably fabri-

cated and characterized. Fabrication of devices such as multiplexers calls

for reproducibility in the propagation constant of the guided mode to an

accuracy of better than 10-4 . In order to fabricate glass waveguide devices

of such reproducible characteristics, it is necessary that the exchange and
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mode field distribution. For example the 2.5 wi deep surface waveguide

with -lOjm channel width used for making directional couplers [42] are likely

to give highly elliptical mode field profiles with large surface scatter

losses. If these wavejuides were buried by applying an electric field in a

second-step diffusion, the resultant guides are expected to be compatible with

fibers and exhibit lower attenuation.

Ag+-Na+ Exchange

The binary exchange of Ag+-Na is by far the most researched technique

and in the following we will confine our attention to this binary system

only. Readers are referred to a review by Findakly [43] describing the

developments in other binary systems as of 1983. When pure AgNO 3 melt is used

for the exchange process, large An(0.1) waveguides are obtained which have

some disadvantages: a large silver concentration causes coloring due to

silver reduction [2]; secondly, single-mode waveguides are shallow and thus

incompatible with fibers[15]. Moreover, the time of diffusion involved is

rather short, thereoy causing uncertainty and lack of reproducibility in the

waveguide characteristics. Di Iite solutions of AgNO 3  and NaN0 3  allow

achievement of lower An and more controllable diffusion times [10,23]. This

is generally achieved by adding a known amount of AgNO 3 in NaN0 3 , and the

diffusion is carried out neor the melting point of the mixture (> 330 0c).

However, such a process is not applicable to batch processing as silver

concentrations will change during the process, causing alterations in the

waveguide characteristics. This problem can, however, be overcome by the

electrolytic release technique [18]. The process allows generation of a very

small concentration of silver ions precisely. Since a metallic silver

electrode rather than a salt mixture is used, the impurities can be kept

minirm.2 as ultrapure silver rods are commercially available. The process of
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electrolytic release can he controlled electronically allowing a high degree

of accuracy in the concentration of Ag+  ions in the bath. Using a

concentration cell [441 for the in situ measurement of Ag+ ion concentration,

high-measurement accuracy and assured reproducibility have been demonstrated

to facilitate on-line concentration control (to better than 1 jig) by periodic

pumping of the silver ions into the molten bath.

The Ag+-Na+ ion-exchange process is fairly versatile, and both planar

[2,6-8,12,14-16,18,23,251 and channel r7,14,15,22,41] waveguides have been

fabricated. The surface waveguides made in the first-step diffusion have been

buried under the glass surface by carrying out diffusion in a second step with

or without an externally applied electric field across the glass substrate

when no silver ions are present in the melt F12,14,15,25,451. Thus the index

profile can be tailored to the desired characteristics by a judicious choice

of the process parameters (melt composition, temperature and applied field) in

each step for a given glass and a given ion. Concentration of the incoming

ion in the melt determines the net index change.

Process and Performance--A Necessary Link

In order to establish a correlation between the process parameters and

the waveguide performance, it is necessary to investigate the various steps

involved. These studies can he categorized in the following distinct areas:

1) Ion-exchanqe equilihrium to determine the relationship between the

melt ion concentration and the glass-surface ion concentration.

2) Analysis of the diffusion equation with appropriate boundary condi-

tions to predict the concentration profile.

3) Fabrication of the waveguides.

4) Experimental determination of the diffusion profile and correlation

with the theoretical analysis. It is generally assumed that the
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concentration profile is a replica of the index profile. This

assumption has been experimentally verified and is valid as long as

the concentration is small [46,47].

5) Calculation of the waveguide propagation characteristics by solving

the Helmholtz equation for the given index profile.

6) Optical characterization of the waveguide and the correlation between

the measured parameters and the process parameters. This involves

measurement of mode indices (in the case of surface waveguides where

prism coupling technique can be used), the cutoffs of the modes [48]

and their field profiles and, of course, the attenuation. In most of

the work reported in the literature [2,10,12,16], the mode indices

data have been used to determine the index profile by using the

inverse WKB approach [49]. In this case step 4) is a part of 6).

However, this method is not suitable for analyzing single-node guides

or steep profiles.

II Theory

A. Ion-Exchange Equilibrium

When the glass containing a monovalent cation B is introduced into a

molten salt solution containing the diffusing monovalent cation A, ion A is

driven into the glass by an interphase chemical potential gradient and in

order to maintain charge neutrality, ion B is released into the melt. This

ion exchange process can be represented by an overall chemical reaction as

follows [5U]:

A + = + B , (i)

where the bar denotes the cations in the glass phase.

In the study of chemical reactions, one is concerned about the rate of

reaction and the equilibrium characteristics. The rate of ion exchange may be
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limited by the following processes:

(i) Mass transfer of reactants and removal of products from the reaction

interface in the melt.

(ii) Kinetics of the reaction at the interface.

(iii) Transport of ions in the glass.

Transfer of cations in the melt takes place via diffusion and

convection. Convection in the melt can be altered by stirring the melt.

However, near the glass-melt interface, a region may exist where no convective

mixing occurs because of fluid friction at the interface. Across this

stagnant boundary all the mass transfer of the cations to and from the

reaction interface occurs through diffusion [51]. If the liquid-phase

diffusion can supply ample reactants and remove enough products to and from

the interface, the process is not mass transfer limited. For diffusion to be

a limiting process in the melt, the important parameter is (N A/NA) (OA/DA)I/,

where N; denotes the molar concentration of cation A and DA its self-diffusion

coefficient. It has been shown [51] that if this parameter is greater than

about 10, the rate is not mass transfer limited due to diffusion in the melt.

At the interface, the overall rate of the reaction is affected by

kinetics of the ion-exchange reaction. It is highly unlikely that surface

kinetics are a rate-limiting step and are thus assumed to be much faster than

the transport processes in the melt and glass phase. In the glass phase, mass

transport is carried out entirely by diffusion of the cations. The

equilibrium state of reaction (1) specifies the surface boundary condition for

the diffusion process and the accompanying surface-index change. Thus the

control of the cation diffusion profile in glass is subject to manipulation

of this boundary condition and the cation transport (diffusion) properties in

the glass.
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A convenient method of notation in a binary problem is the definition of

the cation fractions:

CA

A B

CR
and N1R =

'A B

where Ni is the cation fraction and Ci is the absolute concentration of the

cation i in the salt phase. It can be seen from the above relations A-

NA + 1 (2)

Similarly in the glass phase, we have

NA + -= 1 (3)

Garfinkel [501 proposed a model to describe ion-exchange equilibrium

between glass and molten salts successfully. For the overall raction (1), an

equilibrium constant is defined as
K=a A a.

K a- (4)
a B aA

The thermodynamic activities of the cations in the salt can be expressed as

ai = YiNi

where Yj is the activity coefficient of the respective ion. The ratio of the

activity coefficient in the molten salt can he represented by the Regular

Solution Theory F521:

In YA A (1-2 mI (5)

where R is the gas constant, T is the temperature of the melt in Kelvin and A

is the interaction energy of the two cations in the melt. In this model, the

reference state for the activity of each ion is chosen as
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Lim = I
Ni + I

In the glass phase, the ratio of the activities of the two cations is

represented by the n-type behaviour first suggested by Rothmund and Kornfeld

[53] which states:

2

aA (6)

Here the reference state is defined as:

Lim ai =  Ni
R i + I

Substituting Eqns. (2), (3), (5) and (6) into (4), the following equation is

obtained.

NA A _A_

NN
In ( '--:A ) + R (I - 2 NA n In ( ) -In K (7)

If the models for the activity coefficients in the two phases are valid, a

plot of the left-hand-side of (7) versus in t fiA / (i - NA ) I should yield a

straight line with slope equal to n and intercept equal to In (1/K). When the

parameter n is unity, the glass is said to be ideal. A large value of K on

the other hand would indicate a large intake of the cation A by the glass for

a given melt composition. Once the parainters n and K are determined, Eq. (7)

provides a relation bPtween N A and NA at the glass surface from which accurate

boundary conditions for solution of the diffusion equation can be obtained.

Studies of ion-exchange equilibrium in glasses include the early work of

Schulze [54] and later, the pioneering work of Garfinkel [501 involving many

mm~m Tnn .B~ n mn m I lm m m n ° I |6



different cation pairs. In both these studies, the silver cation

concentrations were relatively large (NAg > 0.1). More recently, Stewart and

Laybourn [10] reported a study of Ag+-Na + exchange at very low concen-

trations (NAg~ 10 4) required for fabrication of single-mode waveguides.

However, the information on the surface concentration of Ag+ in glass was

obtained indirectly by optical m.asurements On the waveguides. There are two

drawbacks in such a method; first, the WKB method employed to determine the

mode indices is subject to error in cases where waveguide supports only one or

two modes [55], and second, the assumption that in the case of pure AgNO 3

melt, afl the surface Na+ ions in glass are substituted for Ag4 ions, may not

necessarily be valid [56]. It is therefore desirable to measure absolute

concentration profile of Ag+ ions in the glass. Recent results [57] of Ag+-

Na+ ion-exchange equilibrium using atomic absorption spectrometry for the

measurement of absolute concentration of Ag+ ions in glass indicate that at

the processing temperature and under variable mixing conditions, neither mass

transfer in the nelt nor the reaction kinetics at the melt-glass interface

influence the exchange process. The dopant profile is observed to be

primarily determined by the diffusion of silver ions in tne glass matrix. The

diffusion profile at low melt concentrations (NAg-10 - 4 ) is found to be erfc

which is not only in excellent agreement with that obtained by the SEA

analysis [25], it also correlates well with the index profile derived from the

measured mode indices [23,45]. This correlation allows determination of an

empirical relation for the surface-index change from the known melt concen-

tration (see Fig. 1). The results also show that the assu:nption of a concen-

tration independent interdiffusion coefficient in solving the diffusion

equation [12,15,23] is valid in the case of low silver melt concentra-

tion (-10 4 MF) employed for single-mode waveguide fabrication. The subject of

the index profile will be further discussed in the following when we describe
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the diffusion process.

B. Diffusion Equation

The Fickian diffusion molar flux components of the two cations in the

glass phase are given by [58]

- - aIna. -
al n5 +

D~ = - c 0. vfl. + Pi~c. , FR

1

where ¢i= molar flux of cation i (moles/m?-s)

= self-diffusion coefficient of the cation i1

Pi = electrochemical mobility (m 2/V-s)

i = thermodynamic activity (mole/m3)
+

and E = electric field (V/m).

It must be pointed out that in glasses, Einstein relation between the

self-diffusion coefficient and mobility, i.e.,

= kT -
I e 1. (9)

is generally not valid. Instead, equation (9) is written in a modified form

given by
i = f kT - I0

D.=f ej (1.0)1e i '

where the correlation factor f depends on the glass composition and has been

found [59] to be in the range 0.1 < f < 1.

A few words about the electric field E are in order here. E , as it

appears in equation (9), includes any external applied field as well as the

component arising from a local space-charqe distribution near the diffusion

boundary which moves deeper into the substrate as time evolves. The space

charge region is caused by the lower mobility of the incoming ion ( A < w

and is governed by the following relation

E) = p (11)
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where the local space-charge density

Pe CA + CR - CR) (12)

In the above equation CR0 is the absolute concentrations of cation R in

the glass before the ion exchange. For weakly guiding case, (11) can be
+

replaced by V- = p/c. The fact that V.E * 0 shows that in the presence of the

space charge, the Eq. (13).

CA + CR = CR  (13)

is not strictly valid but during diffusion it is found to be very nearly so

F151.

Using the continuity equations
+ 3C

v "*# = - T-

(13) gives

7 •0 - (14)

Using the Eq. (14) in (R) and assuming that the self-diffusion coeffieients

Di are not concentration dependent, the diffusion equation can be derived in

the following form

+=t 1 E'v A [ 1 ]+ n {A v2 FA (5
I - r 1 - (15)

where = I- 1A (16)
'JB

aln aA
and n = - (17)

aIn 

8A
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Eq. (15) can he solved to obtain the concentration profile provided the

initial condition and the boundary conditions are known. One of the boundary

conditions involves knowled]e of the concentration of cation A at the glass

surface which is a function of the melt concentration via the equilibrium

condition of reaction (1). Eq. (7) provides such relationship.

The Mixed Alkali Effect

Although it is generally assumed that the self-diffusion coefficient of

each ion is concentration independent, it is known that when two alkali ions

are present in the glass, some properties directly related to alkali ion

movement show large departures form additivity F6n]. A general consequence of

adding a second alkali is signficant reduction in the diffusion coefficient of

the original alkali ion. While this reduction in diffusion coefficient

occurs whether the second alkali is larger or smaller than the original one,

the magnitude of the change varies directly with the concentration and the

size mis-match of the second alkali. Moreover, the self-diffusion coefficient

of an alkali ion is always considerably higher than the impurity alkali

diffusion coefficient. This implies that

)A << r) for MA << I

and furthermore suggests that ), and ng, vary with the concentration of the

diffusing species A and hence are position dependent.

The ratio of the two self-diffusion coefficients thus varies

drastically in the glass during the diffusion process and this concentration

dependence of the self-diffusion constants should he considered explicitely in

deriving the diffusion equation. To the best of our knowledge, this has not

been done, obviously due to the complications involved not only in the
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analysi, s ut in so e c ses such as Ag+ - exchange, sufficient experi-

mental data is not available to include the dependence of gAg on NAy in the

analysis. However, for large silver concentrations such as involved in

fabrication of gradient index components for imaging applications, an

exponential dependence of DAg has heen assumed [61]. One consequence of the

mixed alkali effect is that step-like diffusion profiles are obtained when

there is considerahly large concentration dependence of the two dIffusion

coefficients [11].

C. Solution of the Diffusion Equation

a) Diffusion without external field

Eq. (15) can be further simplified if there is no external field present

and V, t is set equal to zero. In other words, the local space charge is

neglected. In this case it can be shown [15] that the two-di:nensonal

diffusion equation becomes

0i A a 3 N
-A 3x 3y 1 N1 y

Further simpiific3tlons occur in tne following ,as s:

(i) a = O, i.e., the two cations are equ lly mouile. In this case

nD - n A  A + (19)
3x 3y-

(ii) A <<  1, i.e., concentration of the incoiing ion is uch sm31ler than

that of the outgcing ion in the glass. In this case also the diffusion

equation reduces to (19). This approximation is reasonaoly valid for

single-mode waveguide rabrication conditions [25,57].

(iii) In the case of planar waveguides (18) reduces to the one dimenslondl
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diffusion equation which is normally written as

A - ( ) (20)

where b is called the interdiffusion coefficient given by

nD 
A- l0  (21)

I- a NA

If it is further assumed that in the glass, the Einstein relation (9) is

valid, and if not, at least the correlation factors fi [Eq. (10)) for the two

cations are the same, then

A B (22)

DA NA + DB NB

For the two cases (i) and (ii) pointed out above, D = nD A In this case the

diffusion equation has the simplest form:

3NA _ a NA

at nuA 2 (23)
ax

and with the initial and boundary conditions given respectively oy

NA (xO) = 0 at x >0 (24)

RA (-,t) = 0

and RA (Ot) = NO for all t >0,

the solution [51] of (23) is,

NA (xt) : erfc (x/W ) (25)
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where Wo = 2V nDAt (26)

22
and erfc (z) _ f e d2a (27)

V T

Wo is called the effective depth of diffusion and corresponds to that distance

from the waveguide surface where (NA / N0) = erfc (1) = 0.157.

When a + I such as the case of %s+  Na+ exchange [11], the interdiffusion

coefficient is highly concentration dependent and the solution of the

diffusion equation

NA DA A A

3 = n ( ) (28)
I-an

for various values of a is obtained by umerical solution. The results have

been given by Crank [51]. Step-like profiles are obtained when a approaches

unity. For intermediate values of a, Gaussian-like diffusion profiles are

obtained [62]. Finite-difference metnod has been used by several workers to

solve one-dimensional as well as two-dimensional equations successfully [15].

b). Diffusion With External Electric Field

The diffusion of incoming ion can te enhanced by applying an electric

field across the substrate. In this case, one has to solve the combined

equations (15) and (11) which is a difficult task at best in the two-

dimensional case. However, in the case of one-dimensional (planar)

waveguides, approximate solutions can be obtained under certain conditions.

(i) For the special boundary conditions

nqA  n 0q ,I
@ 0NA for x = 0

a = 0



and NA = for x + -,
aA -0

the solution of (15) in one-dimensional case is C63]

NA (x) = No { I + exp [v No a ( x - vt ) } -1 (29)
nD A

with a concentration-dependent diffusion front velocity

v = Vo ( 0

The velocity vo = io/e CB depends on the current density io in the presence

of the applied fieli.

(ii) For low concentrations (RA < < 1), space-charge effects can be neglected

and for planar waveguides Eq. (18) reduces to

NA  n 2lAa2  aNA
t A a Ex (30)

ax

and RA (xt) is calculated by a Laplace-transform techniques [64]

I I

N No {erfc (x - r) + exp (4rx') erfc (x + r)} (31)A T

where x' = x/W o  x /2V4DAt is the normalized effective depth of diffusion

without external field and r = jEt/W o .

It has been shown [14,45] that the influence of the space charge [Equation

(11)] leads to steeper diffusion fronts when compared to the solution (31).

For large values of r, the contribution by the second term in (31) is

negligible and the diffusion profile can be approximated as [25]:
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and NA 0 for x +

ax

the solution of (15) in one-dimensional case is [63]

NA (x) = Ro { I + exp [ v No 0 ( x - vt ) -1 (29)
nDA

with a concentration-dependent diffusion front velocity

v =v (1 -c ) ( - Ro
0

The velocity v. = io/e C0 B depends on the current density i. in the presence

of the applied field.

(ii) For low concentrations («A << 1), space-charge effects can be neglected

and for planar waveguides Eq. (18) reduces to

3NA a 2 A A
9t n A PE "A 

(30)
atA x2 Eaxax

and NA (xt) is calculated by a Laplace-transform techniques [64]

1 I I

NA n o 0 {erfc (x - r) + exp (4rx') erfc (x + r)t (31)

where x' x/Wo  x /2VnDAt is the normalized effective depth of diffusion

without external field and r = wEt/W
0

It has been shown [14,45] that the influence of the space charge [Equation

(11)] leads to steeper diffusion fronts when compared to the solution (31).

For large values of r, the contribution by the second term in (31) is

negligible and the diffusion profile can be approximated as [25]:
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NA (x, r) -T° {erfc (x - r)}, r > 2.5 (32)

In the two-dimensional case, Eq. (15) has been solved [14] neglecting the

concentration dependence of the interdiffusion coefficient and assuming that

the diffusion term in (15) is small. While such solutions are valid for very

large applied fields such as involved in multimode waveguides, the case of

single-mode guides does not fall in this category. In such situations

equation (15) can be solved only by numerical methods [15].

c). Two-Step Ion Exchange (Buried Waveguides)

Surface waveguides obtained by ion-exchange are characterized by higher

loss caused by surface scattering. Further-ore, the intensity profile of the

guided mode is not circularly synmetric and compatible with optical fiber.

Tnese drawbacks can be overcome by burying the waveguides in a second ion

exchange in a melt free of the cation A. An external field may oe applied

during this step to control the buried depth and the index profile. Since the

initial conditions in this case are determined by the first-step diffusion

profile, analytical solutions to Eq. (15) cannot be obtained and one has to

resort to numerical techniques once again and has been attempted by several

workers in the past [15,45,65]. While in the case of planar waveguides the

correlation between theory and experiment has been successfully achieved [45],

there is not sufficient evidence whether the results and the approximations

made predict satisfactory results in the case of channel waveguides.

III. Results

A. Planar Waveguides

Modelling of the diffusion (index) profile in the case of planar

waveguides has been reported by many workers [15,45,65]. At low melt
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concentrations used for fabrication of single-mode guides, it has been shown

[45] that interdiffusion coefficient is only weakly dependent on the silver

concentration. Assuming that electrical mobility w and the electric

field t do not depend on position, the one-dimensional diffusion equation is

given by (30). The waveguide index profile for the two-step process for given

fabrication parameters can be predicted reasonably well [45,65]

provided D, P and the surface index change An in the first step (without

applied field) have been previously determined. Fig.2 shows the schematics

used by the authors for the fabrication, modelling, characterizat, r. a-d

correlation of the experimental and theoretical results.

The value of i is obtained Dy measuring the width W of the index profile

and using the relation W = 2V Dt . The surface-index change is determined by

measuring the mode indices of the guided modes using a prism coupler. In the

case of waveguides which support one or two modes, the mode index data can be

correlated with the theory as follows: The one-dimensional normalized

Holmholtz equation is solved for the index profile by a finite-difference

method to obtain the ;.ode inlices of the TE modes. The two variables An and

Wo are adjusted to give the best fit to the measured indices. In the case of

multimode waveguides (> 6 modes), the inverse WKB method [49] may be employed

to give the index profile and the surface-index change. Ionic mobility u can

be determined by fabricating a surface waveguide in presence of an external

field and using the mode-indices data to determine the index profile. A

subsequent fit to the calculated profile with the predicted result of Eq. (31)

then yields the values of and u [25]. The surface-index change An has been

observed to be independent of the applied field [25].

Once all the necessary parameters are determined from sinyle-step ion

exchange, buried symmetric index profiles can be obtained by carrying out ion-
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exchange in a second step by aoplying an external field in a NaNO3 molten bath

free of silver. The rtsulting index profile can be measured by SEM analysis

[25]. Alternatively, it can be predicted by solving the diffusion equation

with the use of appropriately known boundary and initial conditions. Fig. 3

shows the evolution of the index profile with the second-step diffusion time

as calculated by using a simple numerical method [45].

The variation of index profile width W and the index-peak position Xpeak

below the waveguide surface with the diffusion time and the field during the

second-step are shown in Fig.4. It is observed that W VJ -E-, a result in

agreement with the experimental data [25] shown by the crosses (x) in the

curve 1. The index-peak position (xpeak) depends linearly on time as well as

on the field. This result suggests that the whole profile is translated by

the applied field and the net translation is governed by the product PEt.

B. Channel Waveguides

Although planar waveguides form the basis for study of the basic ion-

exchange process, they cannot be used in real system applications because of

geometrical incompatibility with fibers. For practical applications, there-

fore two-dimensional channel waveguides are fabricated. This is achieved by

delineating open channel patterns of varying widths on glass substrates by

photolithographic techniques and then carrying out ion exchange process

creating a waveguiding region via the mask openings. Although channel wave-

guides using the ion-excnange techniques have been around for quite a while

(in fact, the first glass waveguides were of stripe geometry [3]), not until

recently adequate attention was given to optimization of singe-mode structures

in terms of the mode symmetry, attenuation, and fiber-compatibility.

Modelling of surface channel waveguides has enjoyed partial success as the

two-dimensional diffusion equation (15) has been solved numerically in special
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cases [14,15]. The two-step process still remains to be modelIed. Part of

the probIem in modelling has been the presence of significant side diffusion

of silver under the metallic (mostly aluminum) masks [22]. A systematic study

of single-mode channel surface waveguides prepared from dilute AyNO3 -NaNO 3

melts was carried out recently with mask widths ranging from 2 to

10 pm [22]. Their diffusion profiles were determined along the widths as well

as along the depth direction. Fig. 5 shows the profile for a mask opening

of lOvm width as obtained by SEM. A comparison of these waveguides with the

planar structure fabricated under identical conditions shows:

a) Decreasing NAg decreases diffusion depth in channels, a result

similar to that observed in planar guides [25].

b) Increasing channel width increases the diffusion depth approaching

that of the planar guides for large widths. However, for lower NAg,

planar values are achieved at lower guide widths.

c) Channels have smaller An as compared to their planar counterparts,

approaching their value for mask widths of the order of 10 vm.

d) There is substantial side diffusion under the masks. The aspect

ratio of the index profile varies between 1.5 and 3.0 as the mask

width increases from 2 to 10 vim. However, the surface guides are

single-moded at 1.3 vim wavelength up to mask widths of - 6 um when

NA9 = 2 x 10-4MF and diffusion is carried out at 330' for 60 min.

e) In single-mode regions the channel waveguides have negligible

deplarization whereas multimode guides exhibit measurable

depolarization due to mode connversion. Moreover, no deposition of

silver under the edges of metallic aluminum masks was observed,

contrary to what has been reported in the literature [15] when

diffusion was carried out from pure AgNO3 melts. The lack of
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depolarization and the high quality of the waveguides free from

scattering centers and birefringence can be attributed to the low

level of silver concentration (N- - 10- 4MF) .

Following this study and availability of the relevant parameters from

two-step process in planar waveguides, low-loss single-.mode buried channel

waveguides have been successfully fabricated by a two-step process with a view

towards process optimization for 1.3 ,m operation [66]. Measurements of the

mode field distribution have been carried out by using an experimental

arrangement shown schematically in Fig. 6. A conventional Corning single-mode

fiber with i/e mode-field diameter of 10 im was employed to couple light into

a photodetector covered with a 10 om pinhole and the near field intensity

distribution was scanned parallel and perpendicular to the channel width.

Typical results are shown in Fig. 7. It is obvious that in absence of an

external field in the second step, the mode field is elliptical for any mask

width. This is attributed to significant side diffusion under the masks

[221. Applied field is essential to improve the symmetry of the inlex profile

by' rtGcimiy L ui ifusion time in the second step and a consequent reduction

in side diffusion. Nearly circular mode fields with mode-field dianeter in

the 9-10 Lm range can be ontained from mask widths in the range ot 4.5 -

6.5 vm. For these optimum buried waveguides, the fiber-waveguide total

throughput loss (including the coupling loss, Fresnel loss and propagation

loss) on the order of 1dB have been achieved [66] for 15 mm long channel using

commercial slides as the soda-lime glass substrates. It is expected that

lower losses can be achieved by using better quality glass. The experimental

arrangement of Fig. 7 allows evalution of the coupling efficiency via the mode

overlap integral [67] and Fresnel loss is estimated by knowing the refractive

indices of the fiber and the waveguide. The technique thus allows
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determination of the propagation loss.

Theoretical analysis of channel waveguides of arbitrary refractive index

profiles is carried out using one of the several techniques. Effecive index

approach [68,69], variational methods [70,71] and a host of other numerical

methods [72-74] have been used over the years to predict the propagation

characteristics with reasonable accuracy. The theoretical results, however,

have not been compared to experimental values due to lack of accurate

knowledge of index profiles in practical waveguides. This challenge is one of

the subjects under study. This lack of correlation between theoretical and

experimental work does not present any significant obstacles as far as the

prediction of mode-field profile is concerned since the field profile is not

very sensitive to the index distribution [75]. However, parameters such as

the propagation constant and coupling coefficient between two adjacent

waveguides (such as in a directional coupler) cannot be calculated witn

reasonable accuracy to design useful devices.

CONCLUS ION

Ion-exchange technology for fabrication of passive waveguide components

in glasses has made significant progress in the past few years. Improved fab-

rication and characterization techniques and modelling of the ion-exchange

process have allowed a deeper understanding of the processes and the role

played by the fabrication parameters in determining the waveguide character-

istics. Although low-loss fiber compatible single-mode waveguides can be

fabricated with reproducible mode field profile and low loss, the repeat-

ability of the process for useful 1-0 devices is yet to be demonstrated. A

vigorous activity to respond to this challenge is leading to renewed enthu-

siasm in the field. We expect to see major thrust in this area in the coming

years as the economic viability of massive employment of fibers in such
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applications as local area networks depends to a great *lea] :n potentially

inexpensive glass waveguide devices.
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FIGURE CAPTIONS

Fig. 1. Variation of surface-silver concentration MAg and index

change An with melt silver concentration NAg at 330'C in a

soda-lime glass. FRef. 57]

Fig. 2. Schematics for study of two-step ion exchanged waveguides.

Fig. 3. Evolution of index profile with second-step diffusion time.

[Ref. 45]

Fig. 4. Variation of the index peak position xpeak below the glass

surface and the I/e index width W with the second-step

parameters. The data points are from Ref. 125] and the

theoretical curves from F51.

Fig. 5. Silver concentration profile in channel waveguide as measured

by SEM. [Ref. 22]

Fig.6. Mode-field measurement schematics.

Fig.7. Variation of measured l/e intensity width in (1) surface and

(2) buried waveguide with mask width. H denotes horizontal

scan (paralled to the substrate surface) and V denotes

vertical scan [Ref. 66].
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Silver Film-Diffused Glass Waveguides: Diffusion
Process and Optical Properties

S. IRAJ NAJAFI. MFMOE.R. ir-EE. PAUL G. SUCH-OSIKI. JR.. AND

RAMU V. RAMASWAMY, SENUR MEMHER, I-EE

Absiraa-Diffusion of a ,ilter film into a glass substrate in the pres- strate and then diffused at an elevated temperature. An
ence of an electric field is used to fabricate a series of planar wae electric field can be applied across the sample to aid the
guides in an eftort to better understand the diffusion process and to
relate the process parameters to the device parameters. The results diffusion procss. We lind that this techntque offers sev-
indicate that it is possible ito fabricate bight, multimode ssateguides eral advantages over ion-exchange: I1) the process is rel-
which exhibit no fabrication-induced surface dvfects and no coloration atively clean since pure (99.999 percent) silver is depos-
due to silver reduction provided the silser film is not depleted during ited directly on a clean substrate and the subsequent
the diffusion process and the diffusion temperature is low (275"C or diffusion is performed in a closed chamber-. 2) the tern-
lesosil. In addition, scanning electron microscope (SENO anal 'sis and
optical characteriation indicate that the maximum index change in the perature and concentration gradients across the width of
%aveguide is strongl ' dependent on the apptied field. Noe demonstrate the sample are negligible compared to the ton-exchange
that an lane, from approximatet 0 to 0.075 for fields ranging from 0 technique resulting in uniform waveguides: 3) the wave-
to I5 V mm. making this technique specialIt, attractitte for the fabri- guides can be fabricated at relatively low temperatures:
cation of watieiuide structures requiring a large, sariable change in and 4) it is possible to fabricate low-loss waveguides with
refrac~tite index. large An whereas similar waveguides fabncated using ion-

exchange tend to be colored due to silver reduction. The
1. INrRl lc!clo, major disadvantage of this technique is that it is difficult

G LASS waveuuides have rccently received considera- to make deep (10 um) single-mode waveguldes whereas
Me attention since they appear to be suttable candi- this can be easily achieved using the ton-exchange tech-

dates for the fabrication of low%-cost, low-loss integrated nique.
optical des ices. To date, the malorityv of the %,aveguides In the earlier work on silver-diffused glass waveguides
studied hae been fabricated by placing a glass substrate first presented by Charier eti al. 131, a thin layer of silver
in a molten salt bath at an elevated temperature and cx- (used as both the dopant and the anode) was deposited on
changing the constituent sodium ions with various the top surface of a glass substrate while a layer of alu-
monovalent ions 11]. At the Universit, of Florida. we minum, deposited on the back of the sample. served as
hase investigated extensivels the Ag '-Na" exchange in the cathode. The diffusion was carried out at temperatures
glass (21 and have been able to fabricate reproducible. ranging from 170 to 300 'C with applied fields from 0 to
low-loss single-mode and multimode planar and channel 500 Vimm. Chanter t al. obtained single-mode wave-
waveguides. Although Ag'-Na- exchange seems to be guides after 35 min of diffusion at 180'C using an electric
an extremely promising technique for fabncating single field of 50 V 'mm. The maximum index change of their
mode passive devices, it appears that it may not be quite silver-diffused waveguides was approximately the same
suitable for certain device applications, e.g.. highly mul- (0.09) as their Ag '-Na- exchanged waveguides made
timode waveguides with numerical apertures comparable using pure molten AgNO,. In addition, they reported fab-
to that of multimode fibers and nonuniform waveguide ricating wavegides with seven guided modes at 250'C
structures. without an applied field (dillusion time of 2 h).

An alternative method for fabricating glass waveguides Findakly and Garmire 141 used an almost similar tech-
utili/es diffusion of silver films into glass 131-151, In this nique where a few hundred angstrom thick silser film
process, a silver film is deposited directly on a glass sub- served as both the dopant and the anode. For the cathode,

they utilized a gold film for the fabrication of single-mode
tucripi recived Febnar. i3. YXr. res 'd Jul. 22. ise, rh,, guides and molten sodium nitrate for highly multimode

work ,js supporled h, the Air For.e oitce oi Scientifc Reearh undier guides. The %ktvgulides rangcd in width from a fcv mi-
Contract 84-o1,,9 crons It) a few tens of microns depending on the applied

S I Nijali w.as ith the Department of Elecirical Eniineerne. Uni
verity ,I Fiorida. ainesviile. FL 32i1i. He is now %ith the Dcparlet eni field (up to 100 V inlt nd the diffusion temperature
de Genic Phs,.que. Ecole Polytechnique. Campus de I'LUtversie de Iin- (250-500"C,. The authors estimated a An of 0.001 for
ircal. Montreal. P Q H3C 3A7. Canada guides fabricated with no applied field and a An of up to

P G Suchoski, Jr and R V Raniaswam, are with the Deparineni ot
Electrical Engincenng. Unirersiti oi liortLa. (aiinessill. FL 32ol i 0.025 with an applied field. As they mentioned, these re-

ILLtI ILog Numher x5ho.23 suits did not agree with the results presented in 131. In

01 -9197/86/1200-2213S01.OO " 1996 IEEE
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addition, they were unable to make a single-mode wave- F - - - - -guide even after 4 h of diffusion at 25C°C (E = 0) which Teflon--.......

aeain was in contrast with [3] Our own experience con- Isamle holder I\ tQ"oe n A- '

firms the results of Findaklv and Garmire [4]. I
Pitt et al. [5] developed a slightly different set-up for D Fa..ce esre Cwr...

the diffusion process which made use of a separate anode A film

and dopant source. The aluminum anode also acted as a IAluminam 11 _
pattern-delineation mask for definin-, the desired device sarmole holder ', +
geometry. The solid dopant source was replaced by a sil- .
ver vapor stream continuously supplied during the diffu- L.-------

sion. so that there was no limit to the guide depth imposed 8200

by the silver film thickness. As in the previous experi-
ments, a metallic film was used as the back electrode. Pitt Char,
et al. fabricated waveguides with a maximum An of 0.08
using diffusion temperatures ranging from 100 to 300'C Fig. I. Experimental set-up used for fabrcating s!ler-diffuse w-se

and applied fields from 0 to 100 V/mm. During the dif- guides.

fusion process, the authors monitored current flow through
the glass and observed that after a certain period of time, 0 7
the current flow began to decrease. They attributed this
reduction to sodium depiction from the surface ot the 0o6' // T21*C

sample. 0/ " -
In this paper, we report on a series of planar, silver- /

diffused waveeuides fabricated with various silver thick- 0 . -4. D . -

nesscs, diffusion times. and applied fields in an eftort to . ... -,
better understand the physics of the diflusion process. The
setup is similar to that reported in [4], except we deposit 0 2.
a gold filii o% cr the silver film to prevent oxidation of the
silver durin, the diffusion process. SEM (scanning elec- 0

Iron ncroscope analysis and the prism coupling method -

are used to determine how the various process parameters 0 3j --j
affect w, aveguide performance. Included in this discussion
is a demonstration of how .An _tvaries wkith applied held. Fig 2. Current tr,, %erusa t o Err .a.cI e ,ji lrnri.,tid wih t,, 1:
Finally. we compare the optical properties of the silver- Ierent silcr tho. krre'C.. ill - In . : ,,r 1) (' , -1 2111 , ri

diffused waveguides to Ag -- Na- exchanged vaveguides
fabricated in our laboratory', taken to locate the copper wire at keast 0.5 cm from ife

back surface of the glass or else the applied voltage %kill
II. WAVFttIM FAFsRICATION vary across the sample. resulting in a nonuniform ditfu-

We ilized the se-up in Fig. I for fabricating sion.
the silver-diffused waveguides. Initially, a several thou- The diffusion was carried out at 275 C in a quartz tur-
sand angstrom thick silver film was deposited on the soda- nace tube. The current ltow was monitored during the dilt
lime-glass, Fisher Brand Premium substrate (composition fusion process by measurin2 the voltage drop across an
(wt percent): SiO'-72.25 percent. NaO- 14.31 percent. 820 Q2 series resistor (see Fig. I ) and (] as plotted un 1
CaO-6.4 percent. AIO- 1-1.2 percent, KO- 1.2 per- chart recorder. In Fig. 2. we present plots of current flo%%
cent. MgO-4.3 percent. FeO,-0.03 percent. and SO,- versus time for "1aveCtUdes fabricated with an applied ficld
0.3 percent) using an electron beam evaporation system, of 20 V.,nn and silver thicknesses of 0.4 and 1.0 Imt. In
To prevent oxidation and flaking of the silver film during both plots, the current initiall, rises slow I for the first 5
the diffusion process. a 2000 angstrom gold tilin was de- 7 min of diffusion as the Ag NO, pow der beois to iielt.
posited on top of the silver, This structure served as the making electrical contact with the back surface ot the
anode. We chose to use a molten salt for the cathode since glass. As the sample %, arnrs (we estimate that it takes ap-
metallic back electrodes tend to deteriorate with time due proximately 20 mm for the sample Io reach equilibrium
to an accumulation of sodium metal [4]. A small amount from the time the AgNO powder melts and current tllrw
of powdered silver nitrate was placed on top of the class begiist, the current flow increases rapidl. due to the fact
sample and melted to form the cathode. Molten silver i- that the mobilities of the siler and sodiumll ions in flass
trate was chosen for this purpose because it has a consi- increase exponentiall,, wilth temperature. After a length of
erably lower Inciting point than sodium nitrate. Connec- time, the current flow reaches a niltIuM111 value as the
tion to the molten silver nitrate electrode was ac- sample reaches thennal equilibrium 275 '0. The current
complished using a large loop of copper wire. )ue to the then begins to decrease and goes to zero after ven long
finite resistivitv of the molten silver nitrate, care must be diffusion times. This ' chavior is siunlar to that reported
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by Pitt et al. [51; however, we do not believe that it is 1 .... I Slam Aq - --. . .. . . .. . .. 0v l

due to depletion of sodium from the anode as previously e09 ....
predicted (5], but instead is due to depletion of the silvcr opm A,
dopant source. To ascertain this fact, we determined the 0 8- T=275*C

total current flow through the glass by integrating the cur- o ,,
rent flow plots for the two samples. The total current flow E 0 6-
through the 1.0 pem Ag film sample is approximately 2.5
times the total current flow through the 0.4 pom sample. o

Thus, it appears that the total current flow is directly pro- o 4 ,,
portional to the deposited silver film thickness. leading us
to believe that the only factor limitine the drv diffusion - 7 5v

process is the finite silver thickness. We believe that the 2 ,v
reduction in current observed in [51 is not due to depletion 0 1 2 V
of the anode since the authors have essentially an infinite I v1

supply of donant. but instead is due to deterioration of the 0 10 20 30 40 50 30

aluminum electrode as has been reported elsewhere in lit- Dffsion time ( in)

erature [411. Fig. 3. Current flow versus time for samples fabricated at 275°C with s ar-
We fabricated a set of waveguides with 1.0 gim of sil- tous applied fields. A 1.0 Am silver him is used for the I. 2. 5. 7 5. and

ver. diffusion temperature of 275C. and electric fields 15 V mm samples %hjle a 1 .5 gm film is used for the 20 Vinnr i c

ranging from 0 to 20 V/mam. In fabricating waveguides
uine the silver tilm diffusion process, it is important to 1 o .
stop the process well before depleting the silver source.
Otherwi ise, there is a depiction of cations from the wave- 0 o-

uide surface resulting in surface defects (bubbles). For E

this reason, we stopped the diffusion process 30 min after 0
the current had reached its maximum (steady-state) value. -

In Fie. 3. we present the cur-rent flow plots for the var- I
ious samples. The magnitude and shape of the current flow o 4
plots is deterined by the applied electric field and the E c

thickness of the silver ihm. For a given applied electric 0 2i-

field, it is possible for the system to reach a quasi-steady L
state pro\idcd there is sufficient silver dopant on the sur- 0002 6810121416 23

face of the sample. In this case. the current flow increases Aoplted voltage (v.'Its)
rapidly un:il it saturates at a steady-state value. From ex- Fig 4 Maxitnuni steads state) current seru, appicd %oltl.ige tor the

atitinim g Fig. 3. it appears that 1.0 itin of silver is suffi- samples depicted in Fig 3.
cient for the 1. 2, 5, 7.5. and 15 V/mm samples to teach
stead\ state. On the other hand, since the current flow silver dopant for the sample to reach steady state. This is
begins to dc-rcase almost immediately after reaching its demonstrated by the fact that the 1.5 tan-20 V,'mm data
peak value IFig. 2). it appears that 1.0 Am of silver is not point lies on the I-V curve (Fie. 4) vhereas the 1.0 tin-
sufficient for the 20 V/mm sample to reach steady state. 20 V/mn data point lies well below this curve due to de-
For this reason. we diffused an additional sample using pletion of silver prior to reaching steady state. In addi-
an applied iteli of 20 V/mm and a 1.5 micron thick silver tion, it appears that the chemical potential between the
film. silver film and the glass substrate at this temperature

We should state that the current flow never reaches a (275CC) is extremely small since the I V data point lies
true steadv state as described above but instead decreases on the applied field-current tPow line.
sliihtlv with time. (See Fig. 3.) This effect can be attrib- In order -to better understand the physical phenomena
uted to the fact that the silver ions have a lower niobilitv influencing the current flow, plots depicted in Figs. 2 and
in -lass than the constituent sodium ions (the ionic radii 3, we pertorued the tollo\ ing experiment. lniti.illy . we
of A, * and Na- are 1.26 and 0.97 A, respectively [61). placed the glass sample in the diflusion tube and let it
Thus., as more of the silver ions diffuse into the glass, the reach thermal equilibrium (approxiatclv 30 min after the
overall conductivity of the samplL decreases slightly. re- ALNO, melts). We then applied 15 V ini across the sam-
sult it in a small decrease in current flow. This phenom- pie and observed that the current flow increased intmedi-
enon should not be confused with the sharp decrease in atelv to its steady-state value. This indicates that the rise
current flow due to depletion of the silver dopant. in current in our previous samples (Figs. 2 and 3) is duC

In Fig. 4. we plot maximum (steady-state) current ltnkk to thernimal effects. Since the rcsistt\itv of the molten
versus the applied electric field for the above menttoted Ac NO, back electrode actuallv incre.,ses with tempera-
samples. Note that there is essentially a linear relatiotnship ture Iscc FiL. 5). it is obs ious that the second stage in-
bet. cen these two parameters provided there is suflicient crease in current, which occurs after the initial 5-7 mm
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04210 230 250 270 290 310 330 Fig. 6. SEM photograph used to determine An in the silver-diffused guide
The sample on the left was fabricated using Ag*-exchanee with in Ae

Bath temperature (C) concentration of 2 x 10-' MF and bath temperature of 330 0 C. The sam-

Fig. 5. Resistisity of molten silver nitrate as a function of bath tempera- pie on the right was fabricated using silver-diffusion with an applied field

lure. of I V/mm and an oven temperature of 275C.

related to the melting of AgNO3 , is not just due to thermal 0 o
effects at the back electrode: instead, it must be due to a -6

combination of thermal effects at the silver-glass inter- 0 07"
face. within the bulk glass, and at the molten back elec- 006.
trode. Although it is difficult to experimentally determine . o o -,

which of these effects more stronglv influences current 0 05 4
flow, we suspect that the sudden change in rate of current --
flow (5-8 min after melting of the AgNO,) is due to the 00 04 3

fact that the mobilities of the silver and sodium ions in E 0 '3
the bulk glass increase exponentially with temperature and E o03  5-'
can overcome signiricantlv the other two thermal effects. 0 0 2 n

We have noticed similar behavior in ion-exchange where !A- -otUSoo depth

a 4 or 5°C change in bath temperature causes as much as 001 1
a 25 percent change in current flow. o _ _ __._ _ _ 0

0 1 2 3 4 5 6 7 8 9 1011213 1415
III. SEM ANALYSIS Applied voltage (voits)

In order to investigate the effect of silver thickness and Fig. 7. Vanation of An and diffusion depth (measured at I'e point) .th
applied electric field on -n and diffusion depth, we epox- applied field.

ied several waveguides together, polished them, and then
analyzed them using the scanning electron microscope of An presented in [31 and [5] but differs from that pre-
(SEM) 171. Our analysis indicates that the thickness of the sented in [4]. One reason for this discrepancy may be due
silver dopant layer does not significantly affect the maxi- to the fact that different brands of soda-lime-glass, pos-
mum index change in the waveguide, however, An does sibly with different percentages of compositional constit-
vary strongly with applied field. To determine the mag- uents (Na, Ca, and K), are being used by each of the
nitude of An as a function of the applied field, we com- groups. We have recently observed 18 that the maximum
pared the silver-diffused samples to an Ag'-Na' ex- index change of a waveguide obtained using one brand of
changed sample fabricated at 330'C in a NaNO3 bath with soda-lime-glass may be several times smaller or larger
an ,, concentration of 2 x 10-' MF (See Fig. 6). The than the ln value obtained using another brand of soda-
Ag'-Na' exchanged guide presented on the left-hand- lime-glass under the same fabrication conditions. Another
side of Fig. 7 has an index change of 0.005 [2c1. Thus, possible reason for the discrepancy may be that Findakly
assuming that -t ,aries linearly with Ag' concentration. et 111. 14] has used relatively thin ,ilver films and long
the silver-diflused sample (right-hand side of Fig. 6) diffusion times, thus resultine in loser An due to deple-
which was fabricated with an applied field of I V/mm has lion of the silver dopant.
a maxitium index change of 0.021. In a similar fashion, It is interesting to note the strong variation of An with
we determined An for other values of applied tield. These applied field. This behavior can be explained by realizing
values of An along with the diffusion depths are plotted that the silver ions in the film have a certain energy dis-
in Fig. 7 as a function of applied field. tribution which depends essentially on applied field and

As indicated in Fig. 7. the maximum index chance we temperature. The only ions which leave the film and enter
obtained using the dry diffusion method is approximately the glass are those which have energy larger than the
0.075. This value is in close agreement with the values chemical potential which exists between the silver film
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TABLE I
EFFECTIVE MODF INDEXES OF Ag -DIFFUSED AND Ag'-Na' EXCHANGED

GLASS WA% EGUIDES. SILVER DillFUSED WAVEGLIDES ARE THOSE
REPRESENTED IN FIG. 3. SILVER EXCHANGE DATA IS FROM

12a, TABLE 11. RE-RACTIVE INDEX OF SUBSTRATE IS

1.512 AT 0.6338 1Am.

Silver 0iffused avequides Silver Exchanqed Waveguides

L3itfuslon App Iled No. of Mode Llftective Uitfusion Appiied No. Mode Effective
rime Field T rder Index Time Field of TE Order Index
(min) (VIm) ModeS (min) (V/m) Modes

30 I I ti 1.61830 30 U 1 0 1.61465

3i 2 2 1) 1.t53800 60 0 2 0 1.b164u

1 1.52201 1 1.51293

30 3 3 0 I.543'b 90 0 2 0 1.ti1lI
6

i I.52880 1 1.51408

2 1.51356 120 0 3 0 1.51716

30 5 4 0 1.55724 1 1.51466

I 1,4402 2 1.51313

2 1.53046 150 0 3 0 1.51798

3 1.51673 1 1.51511

30 7.5 6 0 1.56814 2 1.51363

1 1.!5784 30 30 4 U 1.51822

2 1.54614 1 1.5160b.

3 1.t3530 2 1.51496

4 1.,2244 3 1.61295

S 1.51211

and the glass surface. As long as the silver film is not suspect that this temperature is too low to transport many
depleted during the diffusion process, the index change of the silver ions from the silver film into the surface of
(An) is determined strictly by the number of ions which the glass without an applied field. Therefore. there is only
enter the glass per unit time. This number obviously in- a very small Ag. concentration (small _\n) inside the glass
creases with both the applied field and temperature. This surface and a very limited diffusion unless an electric field
effect has not been noticed in Ag -Na' exchanged guides is applied across the sample.
where to the first-order, An is determined entirely by the We used the prism coupling technique to determine the
silver ion concentration (C) in the salt bath [2]. Because number of TE modes and the effective indexes of the
of the strong variation of An with E. it should be possible modes at the HeNe wavelength for waveguides fabri-
to use the silver-diffusion technique to make novel wave- cated with applied fields ranging from 1 to 15 V/mm.
guide structures. As expected. for relatively large fields Using the silver-diffusion technique, it is possible to fab-
and a constant diffusion time (30 min), the diffusion depth ricate highly multimode waveguides using relatively small
varies linearly with applied field, fields and short diffusion times. This is demonstrated by

As indicated in Fig. 7, the deepest waveguides that we the fact that a 15 V/mm sample diffused for 30 min sup-
have fabricated are 6 Am. However, as mentioned earlier, ports 10 guided modes.
it appears that there is no fundamental limitation on the The number of guided TE modes along with the effec-
amount of silver which can be introduced into the glass tive mode indexes for waveguides fabricated with applied
using the silver film diffusion method. Thus. a 50 mi deep fields less tHan 15 V:mm are presented in Table I and
waveguide. compatible with multimode fibers, can be compared to Ag '-Na exchanged waveguide results. As
fabricated by simply increasing the silver film thickness indicated in this table, it is possible to fabricate single
and diffusing for 4 h rather than 30 min. mode waveguides using the Ag'-diffused technique pro-

vided the applied electric field is relatively small (I V/
IV. OPTIC.AL CHARACTERIZATION mim) and the diffusion time is short (30 min). Also, we

We initially used a HeNe laser and the prism coupling note that the difference in the effective indexes of the fun-
method to characterize silver-diffused waveguides fabri- damental and the fifth order modes for the 7.5 V/mam sam-
cated at 275'C with no applied field. Even after several pie is 0.057. This value is in close agreement with the
hours of diffusion, the structure supports only a single predicted An value of 0.061 obtained using the scanning
guided mode. This result is in agreement with that of 141 electron microscope.
but again is in contrast to the results presented in [31. We It is important to note that no yellow coloring of the
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glass waveguides was observed, even in the samples with REFERENCES

large An. In addition, loss measurements using the three [1] T. Findakly, "Glass waveguides by ion exchange: A review," Opt.
prism technique yielded average loss values of 0.5 dB/cm Eng., vol. 24, pp. 244-250. 1983.
for multimode guides and 1.0 dB/cm for single-mode [2] For example: (a) S. 1. Najafi. R. V. Ramaswamy, and R. K. Lagu,gd f"An improved method for fabricating ion-exchanged waveguidcsguides fabricated on Fisher brand substrates. We did not through electrolytic release of silver ions," J. Lightwave Technol.
expect this result since highly multimode (large An) vol. LT-3. pp. 763-766. 1985; (b) R. V. Ramaswamy and S. 1. Najati.
waveguides previously fabricated in our laboratory using "Planar, buried, ion-exchanged glass waveguides: Diffusion charac-

teristics." J. Lightwiave Technol., Special Issue on Integrated Optics.the ion-exchange technique with the same brand of glass accepted for publication; (c) R. K. Lagu and R. V. Ramaswamv, "Pro-substrate tended to be highly colored due to reduction of - cess and waveguide parameter relationships for the design of planar.
silver ions. We suspect that the silver-diffused multimode silver ion-exchanged glass waveguides." J. Lightwave Technol.. ac-
wave-uides do not exhibit this coloration since the dif- cetdfrpbiaon

dif- 1]epted for publication.
(3] G. H. Chartier. P. Jaussaud. A. D. de Oliveira, and 0. Parriaux, "Op-

sion is performed at a considerably lower temperature tical waveguides fabricated by electric-field controlled ion exchange in
(275°C) than has previously been used. (Typical temper- glass." Electron. Lett.. vol. 14. pp. 132-134. 1978.

for A - 41 T. Findakly and E. Garmire. "'Reduction and control of optical wase-atures forAg-Na exchange are 330'C or higher.) guide losses in glass." Appl. Phvs. Lett.. vol. 37, pp. 855-856. 1980.
[51 C. W. Pitt, A. A. Stride, and T. I. Trigle, "Low temperature diffusionV. CONCLUSIONS process for fabricating optical waveguides in glass," Electron. Lett.,

We fabricated a series of planar glass waveguides using vol. 16. pp. 701-703, 1980.
C, 1a6] R. H. Doremus. Glass Science. New York: Wiley. 1973.the Ag' film-diffusion technique in an effort to better un- 17] R. K. Lagu and R. V. Ramaswamy, "Silver ion-exchanged. buried.

derstand the diffusion process and to determine the effect glass waveguides with symmetnc index profile." Appl. Phys. Let.,
accepted for publication.of the process parameters (diffusion time, silver thick- 181 S. I. Najafi. R. Srivastava. and R. V. Ramaswamv "'Wavelength de-ness, and electric field) on the waveguide parameters pendent propagationcharactensticsofAg'-Na' exchange planarglass

(number of guided modes, effective mode index, and waveguides," Appl. Opt.. submitted for publication.

maximum index change). It appears that low loss, high
An waveguides can be easily fabricated using this tech-
nique provided the deposited l1ver film is sufficiently Sn '. Najafi (M'85). for a photograph and biography, see p. 891 of the
thick and the diffusion temp s low (275°C or less). June 1986 issue of this JOURNAL.

Single-mode waveguidc- ,;. i er Brand subs ites
exhibit losses on the or 1 uv n, which is compa-
rable to the loss values otained wi ion-exchange tech-
niques using similar substrates. The multimode guides Paul G. Suchoski. Jr., was born in Gainesville.
provide losses better than 0.5 dB/cm and are comparable ' FL, on September 3. 1960. He received the- .:B.S.E.E. and M .E . deeres and the Ph.D. degree
to those of Findakly and Garmire [4]. We expect both the E. and M. egrees , and ePD .singe-mde nd ultmodeguies o ehibt susta- ,. 

"  
, tn electmcal engineenng in 1982. 1985. and 1986.

single-mode and multimode guides to exhibit substan- respectively, from the University of Florida,

tially lower losses if a better substrate with minimal tran- Gainesville.
siio mta ipuitesisuedan te uiin lyes r Since 1982. he has been a Graduate Researchsitonmealimpriie i usd ndth g Idiglyr r Assistant in the Department of Electnal Engi-

buried. neering., University of Florida, Gainesville, where
In addition, we demonstrated that the maximum index , he has analyzed. designed. and fabricated tapered

transitions for various integrated optic applica-change (Atn) obtained using this technique is strongly de- ions. In addition. he has held temporary positions at the Laborator' for
pendent on the applied field. Therefore, we believe that Physical Sciences, College Park. MD. and TRW Electro-Optic Research
the silver film-diffusion technique will be extremely use- Center. El Segundo, CA. His current research interests include integrated-

ful for fabricating highly multimode waveguide devices optical and optoelectronic devices.

as well as other novel waveguide structures. The tech-
nique should be especially attractive for mass production
due to its simplicity, low risk of contamination, and re- Ramu V. Ramaswamy (M'62-S,1'80. for a photograph and biography.
duced raw material consumption. see p. 891 of the June 1986 issue of this JOLRN1,L.
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Fabrication of single mode glass waveguides by electrolytic release of silver
ions

R. K. Lagu and V. Ramaswamy
Department of Electrical Engineering, University of Florida. Gainesville. Florida 32611

(Received 22 March 1984; accepted for publication 25 April 1984)

We report a novel electrolytic process that is used to fabricate reproducible, low loss, single mode
waveguides. By precisely controlling the current pumped through high purity Ag and Pt
electrodes in molten NaNO, as well as its duration, a high degree of accuracy over the release and
hence the control of Ag ' concentration is achieved. The inherent capability of the process to
generate very low level of silver ion concentration with high precision implies much higher time of
diffusion, thus removing the time criticality factor faced by the existing processes while
fabricating single mode waveguides.

The need for optical components using ion-exchanged bath can be changed with time so that the diffusion can be
glass waveguides has continued to remain strong primarily carried out with a variety of boundary conditions, thus pro-
because of their compatibility with optical fibers, cost effec- viding a larger control of the refractive index profile.
tiveness, and potential for integration. Since there is no need The process as shown in Fig. I is described briefly as
to modulate any information at the receiving end of an opti- follows. The setup consists of a salt bath heated by a band
cal communication system, passive components on glass heater coiled around it. The temperature of the bath is sensed
substrates would be an ideal choice. These devices, on the by a thermocouple and controlled with a closed-loop con-
other hand, cannot be tuned electro-optically and hence troller to an accuracy of + 0.5 'C. Initially 400 g of pure
need to be fabricated to strict specification with assured re- sodium nitrate (A.C.S. grade, Fisher) are weighed and heat-
peatability. This in turn demands good process control. ed to 330 *C. Then a pure silver rod and a platinum reference

We report a novel technique to fabricate reproducible electrode are introduced into the salt bath and 0.2 g of silver
single mode waveguides by accurate control of Ag ' concen- is released into the molten salt as ions by electrolysis. Then
tration. Ion exchange is a well-known technique for fabricat- precleaned soda-lime-silicate glass slides are placed in the
ing optical components in glasses. Both thallium' and sil- bath and the diffusion is carried for periods ranging from 20
ver' ions are used to create high index surface layers on to 120 min. The slides are then taken out of the bath. cooled
glass substrates. The existing processes take either pure for about 5 min and the residual salt is rinsed off with warm
AgNo, or a mixture of AgNO, and NaNO, (silver nitrate water.
about 10% by weight I for carrying out diffusion, resulting in The prism coupling technique is used to measure the
multimode waveguides. With such high concentration of sil- mode indices. Table I shows the propagation characteristics
ver ions, their reduction to metallic state is highly likely of the various waveguides. It is seen that the first four wave-
causing excessive absorption and scattering losses. The time guides are single mode. An iterative program is written to
of diffusion to produce a single mode waveguide is about 2-3 estimate the maximum refractive index change (An) from the
min. This makes the timing very critical, thus making the measured values of the mode indices. For this set of wave-
reproducibility a serious problem. A single mode waveguide guides, An is found to be 0.005. Preliminary results indicate
fabricated under such conditions is usually shallow and that it is possible to find relations between process param-
hence couples poorly to an optical fiber which can be eters and the mode index so that single mode waveguides
thought of as a buried structure of a reasonably large cross-
sectional dimension (8-10/um).

The proposed process" overcomes the existing prob- VARIALE
CURRENTlems by generating very small concentration of silver ions SOURCE

precisely. The idea is based on the well-known Faraday's law TEMPERATURE

of electrolysis: CONTROLLER

When 96500 coulombs of charge are passed through a 0
metallic electrode, I g equivalert of the metal is released into 0
the solution as metal ions. C

Thus, generation of silver ions can be accomplished by
using a metallic silver electrode rather than a salt mixture of
AgNO, and NaNO, Furthermore, melt impurities can be 4

kept minimal as ultrapure (99.999%) silver rods are com-
mercially available. The process of releasing silver ions can MOLTEN

now be electronically controlled through the realization of SODIUM
NInRATE

an accurate, variable current source using off-the-shelf oper-
ational amplifiers. In addition, the Ag * concentration in the FIG I Process schematic diagram.

Appl. Phys Left 45 (2), 15 July 1984 0003-6951/84/140117-02$01 00 ,c) 1984 American Institute of Physics
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TABLE I. Diffusion times and mode indices for TE modes. Substrate re- 06 ,8
fractive index = 1.512 at 0.6328 jim.

Time of diffusion No. of modes Mode order Mode index
Imll

iSCHOTT

20 I 0 1.51245 :
40 1 0 1.51301 -10 

A

60 I 0 1.51337
80 I 0 1.51357

100 2 0 151407
1 1.51232 -15

120 2 0 1.51425
1 1.51245

0 5 10 15 7

DISTANCE m

with known propagation constants can be fabricated. The
waveguides show no signs of yellow stain due to silver ion
reduction. To measure the loss, initially an output prism was
used to tap off the transmitted power. To have a reliable loss which are set manually now, can then beentered in the oper-
measurement, however, it F -,med necessary to take care not ating software of a microcomputer which will execute the
to disturb the input coupling and not to spoil the guide sur- programmed sequence of operations to control the diffusion
face at the contact point. These conditions seemed rather process. Efforts are under way to measure the concentration
restrictive and hence an improved three-prism loss measure- of silver ions in situ and to study the electrochemical aspects
ment technique' was used. of the process.

It is reported' that waveguides fabricated on optical The possibilities of applying a drift electric field to en-
quality glass sometimes have much higher losses due to the hance the diffusion and burying the waveguides are also un-
presence of reducing agents in the substrate material. To der investigation.
select the best material, microscope slides from various glass This work was supported in part by a grant from U.S.
manufacturers, viz., Labmate (Fisher), Coming, Scientific Air Force, contract No. F08635-83-K-0263.
Glass Apparatus, and Schott were used as substrates. The
lowest losses are exhibited by Labmate and Schott as shown
in Fig. 2. The least square error fit to the measured points 'T. Izawa and It. Nakagome. Appl. Phys. Lett. 21. 584 (10721.

gives a loss of 1.0 dB/cm for Labmate and 0.2 dB/cm for the 2G. Stewart, C. A. Miller. P. J. R. Laybourn, C. D. W Wilkinson, and R.

Schott glass. The losses are measured at 0.6328 pm. Oper- M. De Larue, IEEE J. Quantum Electron. QE-13, 19211977).
'G. Chattier. P. Collier, A. Guez. P. Jaussaud. and Y. Won, Appl. Opt. 19,

ation in the infrared at 1.3,um will further reduce the losses. 1092 (1980).
The process thus looks promising for making low loss, 'H. J. Lilienhof. E Voges, D. Ritter, and P. Pantschew. IEEE J. Quantum

single mode components. It also lends itself to computerized Electron. QE-18, 1857119821.

automation. Since the silver ion generation and temperature 'Patent application under consideration.
'Y. H. Won. P. C. Jaussaud, and G. H. Chattier, Appl. Phys. Lett. 37, 269

can be adjusted electronically, an on-line computer can be (1980l.
used to supervise the process operation. The parameters 'T. Findakly and E. Garmire, Appl. Phys. Lett. 37, 855 (19801.
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We report a novel electrolytic process that is used to f,,bricatu reproducible, low

loss, single mode glass waveguides.
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Growingy interest in single mode fiber optic communication system because of its

high banavwidth and hence the large intoi iiattori carrying capacity, as well as the

prospect of making efficienit. inexpenisive optical compornenits have continued to stimu-

late activity in Integrated Optics. For the most part, iintegrated optical devices such

as high speed swritches [1], interferometers [2,3]. fast A/D coniverters [4.5] and etc

have been fabricated Using 'Ti diffused 1,iNbO 23 -uides . 1-'ever, s-inice LiNbO 3 is an

electro-optic material, electro-optic tuning has been extremyely useful in meeting the

design criteria.

The need for optical componients using glaszs w ,avegiuidus has continued to remain

strong primarily because of their compatibility withi olphcal fibers and their cost

effectiveness. Such devices fabricated using glass waveguides drk2 expected to find

applications at. the receiving end of an optical comrnilction svystfrm. However, these

passivc' co niponrits on (,lass (-mt~~esciiriol he Itiri-d elc otclyto comn-

pensate for fabrication errors and hence riced to be fibrica(.ed to sitrict specification

with assured repeatability. This in turn demands good process cont rol.

]on-exchange hids been nrio.,t uxte usive ly used for fobri.>d ilg 0 1 )ticdil waveguides on

glass substrates. Both thl11iUmn hi tArd silver 17-91 ems1 ha1ve been used to exchanige
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sodium ions inii aISs tli u forri;'-1 ~;index s urface guiding ivr oil glass sub-

strates. Tlie existing process involves the use of either pure AgNQ., or a mixture of

AgNO3 and NaNO0, (usually, silver nitrate 1O by weight) for carrying out the difTusion

and the resulting guides are usually rnuirziode. Moreover withi such high concentra-

tion of silver ions, reduction to metallic state is highly likely causin!7 excessive absorp-

tion as welt as scattering loss. The time of diffusion to produce single mode guide with

such heavy concentration of silver ions is abouit two to three minutes. This makes tim-

ing very critical, thus making the reproducibilty a serious problem. A single mode

waveguide fabricatedl Under suuch coniditions is usually shallow and Lherefore, couples

poorly to an optical fiber which can be thought of as a buried structure of a relatively

lrge c ross s ec l io n (8 - 10U jzrn)

We propose and present results of a nvol prnr",z 11(', that ovr'rr'oror's the existing

problems by general ing prr,(is(,lv ve~ry small ore raonsilver ions. Generation of

silver ions is accomplishedl by us ig i sive r etIc trode_ as iriode aiid a ptau ium elec-

trode as cathode rather than a, salt ixture of Ag \O~z ind NoN 0.. V~hcn a known

arnourit of current is pa sed' fo. riownr tir Iiia. Ard dlp'pd in molten

Sodium nitrate [Fig. 1], the a-eato at hreed Iic ~ u the oxidation of

silver and hence the release of p recis Sc j an Iiv~ of i,_ ens.dc. n ip ii ities are kept

minimal by using ultra pure (-t97)silveur rods. e in in this process, release

of silver ions is elect ronteatly >: to,'I~ing e e~e ~. cua~,vari-

abl curen sorceu Ing.i h tef;r nu .unint,' rs. er;..e 'r, the silver ion

concentration in the bath cnIclne'..ith iiIiii,- :4n 1;1_ difusioni cani be carried

out using a variety of boundary oui es L.i :Kaeui. -h i~t a eantrol over the

refractiv-e inidex pro;'11c.

The set-up consists of a, saltI bat h heatecd hy i a hand a rte ciled airound it. The

teliipcrit ire or' the hiti ...... 'd 'vY ti iinnii n~u l, aid i'iir 'r o h a closed-

loop controller to ani acur ''v' -i('. u:,l ally !00 gramrrs of pure, sodiumn nitrate(
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A.C.S. grade. Fishl-r) are weighed and heated to 330'C. Then a pure silver rod and a

platinum reference electrode is introduced into the salt bath and 0.2 grams of silver is

released inLo the molten salt as ions by electrolysis. Then pre-cleaned soda-lime-

silicate glass slides are placed in the bath and the diffusion is carried for periods

ranging from 20 to 120 minutes. The slides are then taken out of the bath, cooled for

about 5 rmnutes and the residual salt is rinsed off with warm water.

The prism coupling technique is used to measure the mode indices. Table I shows

the propagation characteristics of the various waveguides. It is seen that the first four

waveguides are single mode. An itcrative program is written to estimate the maxii_,a

refractive index change (An) from the measured values of the mode indices. For this

set of waveguides, An is found to be 0.005. Priliminary results indicate that it is possi-

ble to Ond rc!ations but;',een process parameters arid Lhe mode index so that single

mode waveguides with known propagation constants can be fabricated. The

waveguides show no signs of yellow stain due to silver ion reduction. To measure the

loss, initially an output prism was used to tap off the transmitted power. To have a reli-

tbie loss ineasurernent, however, it seemed necessary to LDik circ niot to disturb the

input. coupling and not to spoil the guide surface at the contict. point.. These condi-

tions seemed rather restrictive and hence an improved threc prism aoss measurement

technique [11] was used.

It is reported [121 t.hat wvcguies fahric-:ed f.1 r.; . ,:li ' v lass sometimes

have much higher losses due to the presernce of rerluzang ,igcrts in the substrate

material. To select the best rrtertiai, microscope sliu:s irarn v,riouS glass manufac-

Lurers, viz. Labrnate( Fisher), Corning, _'intii t. i0 s a r it ii Schott were used

as sTbsihrtes. The lwest losses tre txihibitcd by -d it "-,ot as shown in

(fgure 2. 'The least square error f t to the measurcd pints z ,ivcs a loss of 1.0 dBicm.

f;ir l, .,i.e ;,rid 0. diH 'In, foir tiw rhotil Olss. TV, I,: - tri, measured at

O.h'13 ki : . Operat.ion in the infrared at. 1.3',ini will furLher r'duce the losses.
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The process thus looks promnisin, for making low loss single mode components. It

also lends itself to computerized automation. Since the silver ion generation and temn-

perature ca-:n be adjusted ele ctLro nic ally, Lin on-line computer can be used to supervise

the process operation. Thu paramneters which are set manually now, can then be

entered in the operating software of a microcomputer which will execute the pro-

grammned sequence of operations to control the diffusion process. Efforts are under-

way to measure the concentration of silver ions, in situ and to study the electrochemi-

cal aspects of the process.

The possibilities of applyi ng a u'rift elec-_tric field to enhance the diffusioii and bury-

in( the waveguides are iilso under investi(;it i-n.

L R. C. Alferness, 1EEE J. Qo ant iirn Oect r- ri. QE- 1 7, )16 ((913)
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*1

TABLE-I

Substrate refractive index = 1.512 at 0.6325 pm

Time of diffusion No. of modes Mode order Mode index

(minutes)

20 1 0 1.512452

40 1 0 1.513014

60 1 0 1 .513365

30 0 1.51j5 5

1 1.512327

1200 1.514250

1.512452

129



VARIABLE
CURRENT
SOURCE

TEMPERATURE
CONTROLLER

_____ LUJ
-1

0 X

0- >

LLJ-<

o -

LU

0MOLTEN

0SODIUM
NITRATE

Figure 1

130



0

CO -0.5

0 * SCHOTT

LU 0 LABMATE
3: -1.0
0

-J
wi
CC -1.5

.2.01
0 5 10 15 20

DISTANCE, mm

Figure 2

131



REFERENCE [5]

Fabrication of ion-exchanged glass waveguides through electrolytic release of silver ions

R. V. Ramaswamy, R. K. Lagu and S. I. Najafi

Department of Electrical Engineering, University of Florida

Gainesville, Florida 32611

Abstract

We describe the fz. :ication of low loss (- 0.2 dB) Ag -Na
+ 

exchanged glass optical

waveguides using the noel electrolytic release technique. Development of a concentration

cell that can be used to measure the Ag ionic concentration in situ provides opportuniites

*for on-line concentration control. Since the silver ion generation and control as well as

the temperature can be adjusted electronically, the process may be computer controlled.

Introduction

Glass waveguides have formed the basis for the development of passive integrated optical

components, e.g., star and access couplers, channel dropping filters at the recei.ing end of

an optical communication system, and in certain specific applications wavefront sensors and

interferometric couplers, because of their low optical propagation loss. compatibility with

optical fibers (both single and multimode), immunity to optical damage, and potential cost-

effectiveness under mass production.

The ion-exchange technique is becoming increasingly popular for faoricating glass

waveguides. The technique involves the exchange of monovalent ions of large electr3nIc

polarizability such as potassium K+,
1
-
3 

rubidium Rb+, cesiun Cs+, silver Ag,1
5 0 

or

thallium TI+,11,12 with an ion of smaller polarizability such as sodium Na
+ 
which usually is

a component of the glass matrix of soda-lime silicate (or borosilicate) glass.

The existing processes take either pure AgN0 3 or a mixture of AgNO 3 and NaNO 3 (silver

nitrate about 10% by weight) for carrying out diffusion, resulting in multimode waveguide-.

With such high concentration of silver ions, their reduction to metallic state is hilhly

likely causing excessive absorption and scattering losses. The time of diffusion to produce

a single mode waveguide is about 2-3 min. This makes the timing very critical, thus making

the reproducibility a serious problem. A single mode waveguide fabricated under such

conditions is usually shallow and hence couples poorly to an optical fiber which can be

thought of as buried structure of a reasonably large cross-sectional dimension (8-10 4m).

Novel Electrolytic Release Technique

Recently, we reported a novel technique
1 0 

capable of fabricating reproducible single mode

waveguides by accurate control of Ag
+ 

concentration. This process overcomes the existing
problems by generating very small concentration of silver ions precisely. The idea is based

on the well known Faraday's Law of Electrolysis:

When 96500 coulombs of charge are passed through a metallic electrode, 1 g equivalent of
the metal is released into the solution as metal ions.

Thus, generation of silver ions can be accomplished by using a metallic silvcr electrode

rather than a salt mixture of AgNO 3 and NaO 3. Furthermore, melt impurities can be kept

minimal as ultrapure (99.999%) silver rods are commercially available. The process of
releasing silver ions can now be electronically controlled through the realization of an

accurate, variable current source using off-the-shelf operati)nal amplifiers. In addition,

the Ag
+ 

concentration in the bath can be changed with time so that the diffusion can be

carried out with a variety of boundary conditions, thus providing large control of the

refractive index profile.

The process as shown in Fig. 1 is described briefly as follows. The setup consists of a

salt bath heated by a band heater coiled around it. The temperature of the bath is sensed
by a thermocouple and controlled with a closed-loop controller to an accuracy of *0.5"C.
Initially 400 g of pure sodium nitrate (A.C.S. grade, Fisher) are weighed and heated to
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330'C. Then a pure silver rod and a platinum reference electrode are introduced into the

salt bath and 0.2 g of silver is released into the molten salt as ions by electrolysis.

Then precleaned soda-lime-silicate glass slides are placed in the bath and the diffuslon is

carried for periods ranging from 20 to 120 min. The slides are then taken out of the bath,
cooled for about 5 min and the residual salt is rinsed off with warm water.

Mode Indices and Loss Measurements

The prism coupling technique is used to measure the mode indices. Table 1 shows the
propagation characteristic of the various waveguides. The waveguides show no signs of

yellow !ain due to silver ions reduction. To measure the loss, initially an output prism

was usec to tap off the transmitted power. To have a reliable loss measurement, however'r it
seemed n -cessary to take care not to disturb the input coupling and not to spoil the guide
surface at the contact point. These conditions seemed rather restrictive and hence an
improved three-prism loss measurement technique was used. Substrates from various glass
manufacturers, viz., Labmate (Fisher), Corning, Scientific Glass Apparatus. and Schott were

used for fabricating Ag-Na
+ 

exchanged waveguides. The lowest losses are exhibited by
Labmate and Schott as shown in Fig. 2. The least square error fit to the measured points
gives a loss of 1.0 dB/cm for Labmate and 0.2 dB/cm for the Schott glass. The losses are

measured at 0.6328 Im. Operation in the infrared at 1.3 pm will further reduce the losses.

Table 1. Diffusion times and mode indices for TE modes.

Substrate refractive index = 1.512 at 0.6328 pm.

Time of diffusion Number of Mode Mode index
(min) modes order

20 1 0 1.51245

40 1 0 1.51301
60 1 0 1.51337

80 1 0 1.51357
100 2 0 1.51407

1 1.51232

120 2 0 1.51425
1 1.51245

X, 0 6
32

Bjim

CURRE 'T

SOURCE

TEMPERATURE -- D

CONTROLLER J

0 a 0 SCHOTT

0 Z LABMATE

- - -- 1

4 -J
C

MOLTEN
SOOIUM
NITRATE

-2.0 '!I
0 5 10 15 20

DISTANCE. mm

Fig. 1. Process schematic diagram. Fig. 2. Loss measurement at 0.632A ,m.
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Concentration Measurement and Control

One of the process parameters, the temperature, can be easily controlled to within i0.2'C

using a feedback control system
1 0 

even at elevated temperatures (300-600C) . To maintain

the concentration of the diffusing ion, first, it is necessary to measure its concentration

in the melt. The conventional methods to measure concentration, e.g., mass spectrometry,

atomic absorption, emission, and fluorescent spectrometry or nuclear activation, are not

suitable for application of feedback control of the concentration. On-line measurement of

the concentration is essential for making reproducible glass waveguides. Furthermore, since

the guides are fabricated by diffusion at elevated temperatures, it appears that use of a

concentration cell is an ideal way to measure the concentration. In si~u measurement of the

concentration would make the compensation and control of the ionic cont-ent of the melt much

3asier especially if the ions were released by electrolytic means
1 0

.

We experimented with different types of concentration cell and reported the results and

the final design of the cell
13 

which is suitable for the glass waveguide ion-exchange

process application. Measurements of Ag
+ 

ion concentration, released electrolytically, in a

molten NaNO 3 bath are illustrated using the cell.

Commercially available electrodes which are sensitive for selective ions unfortunately

operate at relatively low temperatures, typically in the 0-80"C range, and therefore are not

suitable for our applications. For molten salt applications, the emf generated by a voltaic

cell can be used to measure concentration. In principle, any spontaneous reduction-

oxidation (redox) reaction can be used to generate a cell potential and since this cell

potential depends on the substance that makes up the cell and their concentrations, the

measured voltage may be used to represent their concentration as long as the same substances

are present in both the anode and cathode compartments but at different concentrations.

The resultant voltaic cell illustrated in Fig. 3, which supports the reactions

anode: Ag(s) - Ag+(c 2 ) + e-,

cathode: Ag (cI) + e - Ag(s)

Ag+(cI) - Ag+(c 2 )

will generate a potential difference V, that depends on the ratio of the Ag
+ 

concentrations

(cl/c 2 ) and the temperature T. The Nernst potential difference of the cell
13 

is given by

V = 1.98 x 10-4T log(c 1 /c 2 ) (2)

if one of the concentrations, say cI (reference concentration), is known, the unknown salt

bath concentration c2 can be determined by measuring the cell emf V with a high impedance

voltmeter.

Although the above argument seems reasonable, the electron released at the anode when a

Ag atom disassociates into solution as an Ag
+ 

ion can move through the external circuit to

the catbode where it reduces another Aq
+ 

ion- such a movement in reality indeed cannot

occur. The reasons this concentration cell is an incomplete voltaic cell is because, when a

Ag
+ 

ion is released into the solution at the anode with a simultaneous reduction at the

cathode, both of the half-cell become charged, immediately blocking any further movement of

the electron.

Therefore, we need a means that would allow the migration of the Ag
+ 

ions from the bath

to the cathode region in the bulb. In other words, we need to physically distinguish the

two regions of different concentrations and yet simultaneously permit the diffusion of Ag
+

ion to facilitate current flow and, hence, the redox reaction. Fortunately, in our case.

the glass bulb itself acts as a good membrane. Inman
14 

has reported the use of such a glass

bulb containing the reference electrode to form part of a concentration cell. The under-

lying idea is that Pyrex glass at elevated temperatures (330-370"C) can act as a resistive

ion bridge between the solutions because the sodium ions with a thin membrane (walls of the

glass bulb) have rather high mobility at these temperatures. Since there are no pores

present within the membrane, the two solutions are physically isolated.
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Glass Bulbs for Reference Electrodes

A Pyrex glass test tube -6 mm i.d. with -0.5 mm wall thickness is heated with a torch and

blown at one end to form a glass bulb with a tubular stem. The glass bulb is neirly

spherical in shape with -12 mnr in diameter and -0.1 mrn wall thickness as shown in Fig. 4(a).

V
Ag, Ag+

- -, .... ..m m- -

- - -- -" T -- -- - ..-

-- 7 0- - -) 2

_ _
-  

0- () (b)

Fig. 3. Ag--Ag+(Na.O3) fAg concentration cell. Fig. 4. Large and small reference

electrode glass bulb.

A reference melt is produced by releasing 2.0 g of silver from a high purity (99.999%)

rod into a melt of 400 g Na[4O 3 by electrolysisio; the reference melt concentration c l

approximately equals 3.94. x 10 - 3 mole fraction (MF) . The glass bulb is then filled to its

neck with -3-4 g of the reference melt. High purity silver wires are also used as the

cathode within the glass bulb as well as the anode immersed in the bath. The cell is then

used to measure the silver-ion concentration in the salt bath (Fig. 1) . The Nernst

potential difference is measured with a 10 MO input impedance, digital voltmeter.

By electrolytically releasing known qdantities of Ag4 ions in 400 g of NaNO 3 , different
known concentration of Ag

+
i in NaNO 3 in the bath are prepared. By measuring the cell

potential each time, we obtain the plot of cell e,-f V v7 log(cl/c 2 ) as shown in Fig. 5. The
solid line represents the theoretical cell potential as given by Eq. (2). As expecte. both
curves V vs meg(cl/c 2 ) exhibit linear behavior. Both the experimental and theoretical lines

have nearly the same slope with the slope of experimental line slightly lower. The
temperature gradient in the bath in the vertical directon amounts to almost 20C. The

estimation of the bath temperature from -the measurt silve were re ference bulb is

susceptable to an error of a few degrees and may be responsibl the th difference in the

slope. Moreover, whe sle two concentrations are equal, we measure an asymmetry potential

of tn4 mV rather than 0 as predicted by 10q. ().

Although temperature of the salt bath was maintained at a constant set temperature using
a feedback control arrang

m e n t l , 
the temperature of the reference melt was considerably

lower (310) due its large thermal capacity In fact, he temperature of the bath had to be
-340 C before the salt in the reference bulb would completely melt implying a temperature

of1354 my rather than 0 as predictedlby Eq. (2).



difference of -30"C between the bath and reference cell. However, Eq. (2) assumes the same
temperature for both the electrodes. Now then, if c I = c 2 = c, with both reference and bath
electrodes at different temperatures, namely, T1 and T 2 , yields an assymmetry potential:

AV = 1.98 x 10
-
4 AT log c, (3)

where AT = T 1 - T 2. Since T2 is always larger than T1, AT is negative. In our case, we
have AT -- 30"C and c = 3.94 x 10

- 3 
and obtain AV = 14.28 mV which agrees very well with our

measured asym-netry potential when c1 = c2 .

The basic problem of asymmetry potential and the temperature restriction primarily due to
temperature difference between the electrodes was solved by using a small reference cell
(Fig. 4(b)), which eliminates the requirement of large quantities of NaNO 3 and a separate
temperature controller. The cell can easily be fabricated as before but now using a Pasteur
pipette.

The solid circles in Fig. 6 represent the measured concentration cell potential at 350"C
and shows excellent agreement with Nernst Eq. (2). Typically <5 mV changes in the measured
value occur depending upon the volume difference of the salt inside the reference cell or
the vertical positioning of either the silver wire within the cell or the entire cell
itself. In addition, it is extremely important to ensure that there are no air bubbles
within the reference bulb. When necessary precautions are taken, the experimental curve is
repeatable when using the same cell after repeated cleaning and filling with the same
standard solution. However, it seems that small variations in the absolute value of the
cell potential do take place depending upon the position of the reference bulb in the
bath. But once this is standardized, the measurements are repeatable within *2 mV.

0 AA.... -. ,.c.,. C .14 M/.... ,,1 .16

/
....- c. 4 N*,A~* pcs. Iq.0O /

/ ls

/
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/ 1  3".94 *103MI C
5  

3'94I10" MI

e02 04 04 OS I0 Ii m 0 O 0.4 04 0. O .0 I.O 52.4

C2  
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Fig. 5. Measured and calculated Nernst Fig. 6. Measured and calculated Nernst poten-
potential for large reference tial for small reference electrode
electrode glass bulb at T = 340 0 C. glass bulb at T - 350*C.

To avoid the errors due to the sources mentioned above, it is necessary to use a given
calibrated concentration cell for the measurement, keeping the experimental conditions the
same. In these conditions, such a cell can be used for in situ concentration measurement
during the fabrication of ion-exchanged waveguides.
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Conclusions

We have described a novel electrolytic release technique for fabricating Ag+-Na+ ion-

exchanged optical waveguides and a AgqjAg (NaNO 3 ) t Ag concentration cell that can be used to

measure concentration of Ag+ ions in a molten Na- d 3 bath during fabrication of the ion-

exchanged waveguides. The process looks promising for making low loss, single mode compo-

nents. It also lends itself to computerized automation. Since the silver ion generation

and the temperature can be controlled electronically during the fabrication process, an on-

line computer can be used to supervise the process operation. The parameters which are set

manually now, can then be entered in the operating software of a microcomputer which will

execute the p" 3grammed sequence of operations to control the diffusion process.

The possib.'.ities of applying a drift electric field to enhance the diffusion and burying

the waveguides are also under investigation.

This work was supported in part by a grant from AFOSR 84-0369.
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An Improved Method for Fabricating Ion-Exchanged
Waveguides Through Electrolytic Release of Silver Ions

S. IRAJ NAJAFI, RAMU V. RAMASWAMY, SENIOR MEMBER. IEEE, AND RAJENDRA K. LAGU

Abstract-in this paper, an improsed technique for electrolytic re- ion concentration in the bath exhibit a direct correlatin
lease of silver ions %hile fabricating Na'-Ag* exchanged glass Yave- with the current during release. This means the reduction
guides is reported. In thi% method, a porous glass shell such as fritted of silver ions at the cathode should be avoided at all cost.
glass is used around the cathode to present the reduction of the released
siler ions. The result of quantitatise estimation of silver ion concen- In this paper, we report ,- improved technique using a
tration uing atomic tluorescence spectroscopy, and sodium ion concen- fritted glass shell to surround the cathode which avoids
tration using atomic emission spectroscopy are also reported, the reduction of silver ions. The results of the analysis in-

dicate that the fritted glass does indeed prevent silver ions
from reaching the Pt-cathode. The content of the fritted

I. INTRODUCTION glass and the Pt-cathode deposits as well as the molten saltG LASS WAVEGUIDES are prime candidates for the bath is analyzed using atomic fluorescence spectroscopy
development of passive integrated optical compo- (AFS) and atomic emission spectroscopy (AES). Possible

nents such as access and star couplers, wavelength mutli- reaction mechanisms that explain the results of the con-
plexers, demultiplexers, interferometric couplers, and centration analysis are outlined. Through this work, it is
wavefront sensors. Passive glass waveguide components shown that use of a porous glass shell such as a fritted
are attractive because they are compatible with optical fi- glass bulb prevents the reduction of Ag', and is therefore
bers and potentially inexpensive. Since the passive glass necessary for on-line concentration control during the fab-
components cannot be tuned electrooptically, they must be rication of ion-exchanged glass waveguides.
fabricated with assured reproducibility within specified
tolerances. II. ELECTROLYTIC RELEASE TECHNIQUE

Ion-exchange has proven to be the most popular tech- Fabrication of ion-exchanged waveguides using the
nique used in the fabrication of glass waveguides. The electrolytic release technique [4], [5] accomplishes theprocess involves the exchange of monovalent Na in the precise generation of very small quantities of the diffusingglass with another ion of larger polarizability, e.g., Ag ions into a molten salt bath with careful control of both
[11. TI- [21. and Cs' [31. We have recently described a the duration and the magntude of the current pumped
novel electrolytic release technique [4], 151 which has been

t fthrough high-purity electrodes immersed in molten saltused to fabricate low-loss single-mode glass waveguides.bahTeidasbsdontewl-onFrdysLw
We have also reported use of a thin-walled glass bulb gal- bath. The idea is based on the well-known Faraday's Law
vanic concentration cell [6] for in situ measurement of Ag' of Electrolysis: When 96500 C of charge are passed
concentration in the molten salt bath. through a metallic electrode, 1 gm equivalent of the metal

In order to ensure reproducibility of the waveguide de- is released into the solution as metal ions. The number of

vices, it is necessary to relate the device parameters to grams of the metal atoms (ions) released at the anode or
process parameters and then to control the process param-
eters accurately. By precisely controlling the current IA
pumped through high-purity Ag and Pt electrodes, a high W Z
degree of accuracy over the release of Agt is achieved.

However. Ag- concentration analysis performed on the where
contents of the molten salt (Ag'/NaNO) indicates that I current through the circuit in amperes,
due to the reduction of some of the silver at the cathode. t time of release in seconds.
the silver ion concentration is smaller than that predicted A atomic weight of the released atom,
by Faraday's Law. Before the concentration control can F Faraday's constant equal to 96 500 J/V mole e-,
effectively be implemented. it is necessary that the silver Z valncc of the atom.

Mlanucript reccised November 23. 1984. revoied January 22. 1985. This The technique involves (Fig. 1) the fabrication of Ag -wkork %as supponcd in part by AFOSR under Contract 84-0369. Na t exchanged glass waveguides in which the electrolytic
S. I. Natali and R. V Ramaswamv are with the Department of Electical generation of the monovalent silver ions into a molten

Enincerin .L'nU ier~a of Florida. (j cs file. FL 32 11. n er ati
R K. Lagu %%as %kith the ILniversitv ot Florida. Gainesville. FL 32611. NaNO bath is accomplished using 99.999-percent pureHe is now w %ih the University (i Iowa. Iowa City. Iowa 52242. silver rod as the anode and a platinum wire as the cathode.

0733-8724/85/0800-0763$01.00 © 1985 IEEE
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NITRATE Fig. 2. Electrolytic release of silver ions using tritted glass.

Fig. 1. Process schematic diagram (without fritted glassi. tioned pore size is sufficient to prevent any noticable

amount of Ag' reaching the Pt-wire, thus, avoiding theFlow of 100 mA of current for 15 min releases 0.1 gm of ruon of the reasdilte inaile for a g -Na
silver ion in the salt bath. reduction of the released silver ions available for Ag -Na'

The possible electrode reactions in this process are: exchange.

anode: A number of experiments using the improved technique
with fritted glass around the Pt-wire were performed in

Ag -- Ag* + e- (la) which different quantities of Ag' were released into 400
gm of molten NaNO, by circulating 100 mA of current for

4 +different periods of time. The concentation of Ag' was
cathode: measured with the use of a concentration cell [6]. During

Ag' + e- - A- (2a) the release the bath was not stirred. Before each release,
the silver electrode was weighed to an accuracy of +1

Na + e - Na. (2b) mg. After the release, the electrode was weighed again
At the anode, due to the fact the silver atom has higher and the weight loss was recorded. Alsoin each case, a
tendency to lose an electron than NO, the likely reaction number of samples were taken from the bath and were ana-
is the oxidation of silver as given by (la). Since Ag is a lyzed by AFS [7]. The technique involves photon excita-
stronger reducing agent than Na', the reaction given by tion of atoms in the sample to produce excited atoms which
(2a) is more likely to take place at the cathode. However, undergo radiation de-excitation and subsequent compari-
since the Na' also reduces at the cathode, it appears that son with a known reference. To prepare the reference, 1.575
some of the silver ions do remain in the salt bath. The gm of AgNO3 corresponding to 1.0 gm of Ag was mixed
procedure previously described 141. 15] utilizes only these into 400 gm of NaNO1 at 330 C. An aluminum rod was
remaining silver ions for the Ag'-Na ' exchange to form dipped into the liquid coating the rod. After cooling, the
optical waveguides in glass. Since we want a uniform Ag- rod was scraped and the scrapings were weighed. Using
concentration throughout the bath, we must stir the solu- water as the solvent, several reference solutions were pre-
tion when on-line control is needed. Therefore, in order pared with concentration ranging from I to 10 ppm vol-
to obtain acorrelation between the Ag concentration in ume. About 10-20 cc of each was used for the flame ab-
the bath and the magnitude and time of current flow, it is sorption analysis and a calibration curve was obtained. A
necessary to develop some means of preventing the reduc- sample of about 5-ppm volume of the bath was prepared
tion of silver ions at the cathode. in each case and both were analyzed using the atomic ab-

111. FRITTED GLASS BULB AROUND THE C.-HO)E' sorption method. By comparing the power output of thesample in relation to that of the reference at a given wave-
A solution to this problem is to surround the cathode length, concentration of the Ag in the bath was evalu-

(Pt-w ire) with a porous glass shell such as the fritted glass ated. The results are summarized in Table 1. The inca-
bulb shown in Fig. 2. The fritted glass bulb is similar to sured value of Ag concentation from both the AFS and
the immersion tubes fitted with porous discs used to draw the concentration cell measurement agree well with the
off (or tilter) supcrnatant from precipitates. Based on our estimated %alue according to Faradav's Law. However,
experience, the pore size must be 4-5.5 tai to prevent any there is some discrepancy between these results and the
significant amount of Ag- from reachingz the Pt wire. measured N\eieht loss. For small release time, this dis-
During the release, a small deposit seems to collect on the crepancv is small but with an increase in time, the differ-
Pt-wire near the liquid surface. Na" and Ag" concentra- ence in \Neight Am betwcen the estimated weight loss and
tion analyses have been performed on the contents of the the measured weight loss of the Ag-rod before and after
fritted glass bulb. on the deposits of the Pt-wire, and on the release Fig.3 sents to increase rapidly at tirst. butthe contents of the molten salt bath. The concentration begins to taper oif indicating an oxidation process on the

analysis described below indicates that the above men- rod \%hich slows dow n with time.
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TABLE Illa
ANALYSIS iF FRITTF L) GLASS CONTENTS

Score eleseAfte.. Releas

Exp. Total WC. Added

20.

t 1 to3 (AFSI (AES)

1is7 1.29 g 6. 30 & 1.15 sg 1.79g --. 3.08

11 5-. g 1.42 g o.71 1 2.0.g 1.93 2.85

(AFS refers to atomic fluorescence spectroscopy and AES to atomic emis-
sion spectroscopy.

TAP7
! V H

2060002 AN xi73i OIF1 Pt-VrRi DFPOsirs (AFTFR RELEASE)00 ___0___so____so_________0___so__

Fig. 3. Difference in the predicted and measured weight of silver rod AM Crdctde~ec Ag Toa Wt. a It Ieole
after release. Am = preiceight-measured weight. (a4.55)-

TABLE I ~j15)3.
THE QUANTITY (,v SIL\FR PRESF.NT IN THE MtOLt EN BATH .02A .1* 34. 9.68- 3.51

Ailo itela (I 11 ) df AI .1 51 .31.

tl~~~~~~c~ 11 
0

e.00se ggfe 5g-r3 .95N Cotetrtlt .0I .

4. A- -gt ocetato AS18.08 5.63~ 3.21

Note: AFS and AES refer to atomic fluorescence and emission spectros-
150.3 0.206 321 1.03 co y rset0ey

15 0.3 0.206 0.3 113 10 oy epci

75 05 0.00 033 3307 posits were dissolved separately in dilute HNO1 and sam-
15 0.9 0.867 0.91 0.970 pies of less than 1-ppm volume were prepared for anal-

I I I sts. These samples were analyzed by Iwo chemical
Note: T 330*C. without stirring. (AFS refers to the atomic fluores- methods, depending on the elements to be measured: AFS

cence spectroscopy method.) for silver and AES for sodium (7]. The results, which are
tabulated in Table III indicate that in both eases (content

TABLE 11 of fritted glass and Pt-wvire deposits) the quantity of silver
THE QU.ANTITY OF SILV ER PRE-SENT IN, THE MOLTEN BsrH is extremely small and the element which is reduced at the

R.I. .. (I-______._________(I. Pt-wire is indeed sodium. Therefore, it is clear that the
0110r 5.,., 11 13 .43t~ecurrent in this electrolytic process with fritted glass is

ti. i.o) l.A0.d diiio eight Cell-- matntained by the oxidation of silver at the anode and theI____Idffreneel reduction of sodium at the cathode. As seen from Table
iS 0.100 0.099 0.11 0.099 111, the ratio of the total weight (added to the content of

45 0.300 0.295 0.31 0.296 the fritted glass or deposited on the Pt-wvire) to the weight
75 0.500 0.497 0.52 0. 50t of sodium (added or deposited) is close to the ratio of the

105 0.700 0.680 0.71 S.05 molecular weight of NaNO~ to the atomic weight of Na.
135 0.900 1.875 0.84 .1 naliets 1", whi Icad, us~ tO the conclusion that both Na

I ~and NO01 penetrate inside the porous tube and the silver
,\ore: T =330*C, with stirring. (AFS refers to atomic fluorescence in eani h ah tsesta hst

spectroscopy.) inreanithbahItsmshttisphenomenon i
possible due to the larger size and loxker concent ration of
the silver ions present in the bath compared to that of so-

The above experiments are repeated. thts ttme with the dium ions. It should be pointed out that when larger size
bath beingz stirred while releasing silver ions. The results porous glass (10 tim) was tried, the contents of fritted -,lass
are tabulated in Table 11. The measured Ag' concentra- turned black, indicating that Ag -penetrated and reduced
tion in the bath is again in excellent agreement with the at the cathode.
quantity of silver actually released, indicating that with the Since all of the Ag* ions released into the molten salt
presence of the fritted glass. reduction of Ag 'at the cath- bath with the use of trilled glass now remain in the bath.
ode has been avoided, it is expected that the fabricatingL single-inod. planar

In order to compare this result and to further understand %kaveguides will now require less time.
the mechanisms of the process. samples were taken from To'determine the effect of the fritted glass on the wave-
the contents of the fritted glass as well as the deposits on guide parameters, a known amount of silver is released by
the Pt-w ire. The samples were prepared in the follo%%ing pumping a current of 100 mA thi-ouzh mcilten NaNO, at
manner. The contents of the fritted glass and Ptl-wire de- 330'C using the improved fritted glass scheme (Fig. 2)
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In situ measurement of ionic concentration during
fabrication of ion-exchanged waveguides

R. K. Lagu, S. I. Najafi, and V. Ramaswamy

In this paper we describe a concentration cell for the measurement of Ag + ion concentration useful for fabri-
cation of Ag

5 - Na* exchanged waveguides in glass. The scheme is adaptable to other ion exchanges as well.
High measurement accuracy (±2 mV) and assured repeatability are possible by standardizing the reference
electrode and experimental conditions. Use of such a cell with appropriate analog signal processing should
facilitate on-line concentration control by periodic pumping of the exchanging ion into the molten salt
bath.

I. Introduction substrates cannot be tuned electrooptically to corn-
Recently, glass waveguides have received consider- pensate for fabrication errors, precise fabrication to

able attention in the development of passive integrated strict specifications is necessary for assured repeat-
optical components such as star and access couplers, ability. In addition, an electric field is often applied to
channel dropping filters at the receiving end of an op- enhance the thermal diffusion, primarily because the
tical communication system, and in certain specific binary exchange of Na + ion with a heavier ion such as
applications st,ch as wave front sensors and interfero- Ag+ or TI+ is relatively slow compared to the alkali ion
metric couplers. Glass waveguides have formed the due to their lower mobility. However, the self-diffusion
basis for such components because of their low optical coefficient of Na + is rather large compared with that of
propagation loss, compatibility with optical fibers (both the heavier ion and the application of an electric field
single and multimode), immunity to optical damage, therefore depletes the Na + ions at the surface which
and potential cost-effectiveness under mass produc- need to be compensated in order to control the index
tion. profile. To ensure repeatability of the waveguide de-

The ion-exchange technique has so far been the most vices, it is necessary to relate the device parameters to
popular approach for fabricating glass waveguides. The process parametors and then control the process pa-
technique involves the exchange of monovalent ions of rameters accurately.
larger electronic polarizability such as potassium K+,] -3 One of the process parameters, the temperature. can
rubidium Rb+,4 cesium Cs+, 4 silver Ag+,' .5-10 or thai- be easily controlled to within ±0.2°C using a feedback
lium TI+,I l, 2 with an ion of smaller polarizability such control system,' 0 even at elevated temperatures
as sodium Na + which usually is a component of the glass (300-600*C). To maintain the concentration of the
matrix of soda-lime silicate (or borosilicate) glass. The diffusing ion, first it is necessary to measure its con-
ion exchange creates an increase in the refractive index centration in the melt. The conventional methods to
thus forming a guiding layer at the surface of the glass measure concentration, e.g., mass spectrometry, atomic
substratim. The guiding characteristics are determined absorption, emission, and florescent spectrometry or
by the process parameters such as self- and interdiffu- nuclear activation, are not suitable for application of
sion coefficients of these ions, temperature and con- feedback control of the concentration. On-line mea-
centration of the diffusing ions in the melt as well as surement of the concentration is essential for making
concentration of Na+ in the substrate. As the passive reproducible glass waveguides. Furthermore, since the
devices fabricated using these waveguides on glass guides are fabricated by diffusion at elevated temper-

atures, it appears that use of a concentration cell is an
ideal way to measure the concentration, in qitu mea-
surement of the concentration would make the com-

The authors are with University of Florida, Department of Elec. pensation and control of the ionic content of the melt
trical Engineering, Gainesville, Florida 12611. much easier especially if the ions were released by

Received 23 ,uly 1984. electrolytic means.")
000;I-6935184/21:1925-Oi$02.00/I. In this paper we report the results of our experiments
r' 1984 Optical Society of America. with different types of concentration cell and the final
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R-7'

Agt' Ag, + ),.:ioR'
E = F - - Iog((c 12b)

where E is the assumed electrode po.ntial in molten

I I NaNO3 , R is the gas constant (8.317 J/K mole). T is
temperature in kelvin, and F is the Faraday constant
(96,500 3/V mole e-). Concentration of the bath c2
appears as logc 2 because when the concentration ol the
Ag + ion (the product of the reaction) increases, the

o* " - -
" electrode potential becomes less positive. Equation

* 12b) can therefore be rewritten as
0- D0 _ e - * E2 = E,, - 1.98 X 10-IT log((.2 ).

- - ON. 3 X + Similarly at the cathode where the reduction of Ag +

S - --.....-- - occurs,

Co,*,.d A,°.o Ag+i('l ) + e- - Ag(s). (4)

AS*Ic,) As.) Aq°.. A CI) + The standard potential in an aqueous solution now is

Fig. 1. Agl jAg+(NaNO:j)jAg concentration cell Ered = -E, - +0.8 V. As before, for Ag + ions in our

design of the cell which is suitable for the glass wave- case in nonstandard conditions in molten NaNO: ,

guide ion-exchange process application. Measurements 2.38RT
of Ag+ ion concentration, released electrolytically, in EI = -Ered- F----T--- O/

a molten NaNO2 bath are illustrated using the cel, where Eed is the assumed electrode potential and is

II. Voltaic Cell as a Concentration Cell equal in magnitude to E,,,.

Commercially available electrodes which are sensitive As the concentration c I of Ag+ ions is increased, theComercall avilale letroes hic ar sesitve electrode becomes more positive and therefore c I ap-
for selectiN e ions unfortunately operate at relatively low eectroe beomamor osite loathereforetiap-
temperatures. typically in the 0-80°C range, and pears in the denominator of the logarithmic function.
therefore are not suitable for our applications. For Thus, Eq. (5) with values of R and F substituted be-
molten salt applications, the emf generated by a voltaic comes

cell can be used to measure concentration. In principle, E F = -Erd 1 1.98 X 11-
4
T logwc). 16i

any spontaneous reduction-oxidation (redox) reaction
can be used to generate a cell potential and since this cell The resultant voltaic cell illustrated in Fig. 1, which

potential depends on the substance that makes up the supports the reactions

cell and their concentrations, the measured voltage may anode: Agts) - Ag(iC 2 1 + C-
be used to represent their concentration as long as the cathode: Ag+(c) + , -Agisl (7
same substances are present in both the anode and
cathode compartments but at different concentra- Ag+((l 1Ag*((2)
tions.

For illustrative purposes, let us consider a cathode will generate a potential difference V, that depends on
compartment consisting of a silver wire electrode and the ratio of the Ag+ concentrations (cl/c.,) and the
a concentration c, ofAg+ ions in molten NaNO:, and a temperature T, and equals the sum of Eqs. (3) and (6).
similar anode compartment, however, consisting of Therefore, the Nernst potential difference of the cell is
lower concentration c., of Ag + ions in NaNO:;. Figure given by
I shows such a concentration cell where the anode re-
gion is represented by the entire bath with the cathode t' = 1.98 x tt}- 47 log(c A' o. fS8

enclosed in a glass bulb. 2  If one of the concentrations, say cl (reference concen-
At the anode where oxidation occurs tration), is known, the unknown salt bath concentration

c., can be determined by measuring the cell emf V with
a high impedance voltmeter.

If the cathode had been a hydrogen electrode H, 0 atm) Although the above argument seems reasonable, the
and the cathode Agi Av+(1 M) in standard state con- electron released at the anode when a Ag atom disas-
ditions in an aqueous solution, the standard potential sowiates into solution as an Ag+ ion can move through the
would have been E,,, - -0 • 8 V. However. since the external circuit to the cathode where it reduces another
oxidation process at the anode is not occurring in Ag' ion: such a movement in reality indeed cannot
standard state conditions (solutions at I-M concen- occur. The reason this concentration cell is an incom-
tration at 7' = 298 K) and the oxidation takes place in plete voltaic cell i. becuase, when a Ag + ion is released
molten NaNO, the electrode potemial can be repre- into the solution at the anode with a simultaneous re-
se- ted by the Nernst equation I duction at the cathode, both of the half-cells become

APPLIED OPTICS Vol 23. No 21 1 November 1984
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charged, immediately blocking any further movement
of the electron.

Therefore, we need a means that would allow the
migration of the Ag ions from the hath to the cathode
region in the bulb. In other words, we need to physi-
cally distinguish the two regions of different concen-
trations and yet simultaneously permit the diffusion of
Ag+ ion to facilitate current flow and, hence, the redoxreaction. Concentration cells using fritted glass l'' in /_ .

place of the glass bulb or glass tubes with asbestos fi-
bers' 6 as well as tubes with loosely plugged glass wool- - I.
have been reported. Our experience with such schemes
similar to the conventional salt bridge using porous or
semipermeable membranes is that, within a reasonable
time period (of the order of an hour or so), complete
mixing between the separated solutions occurs. In Fig. 2. Large and madI reterenc'ee-ectrdA zas hull).
addition, an unpredictable liquid junction with an un-
known potential exists across t1,. n-,cmbrane. Fur-
thermore, the cell potential, while the solutions tend oretical lines have nearly the same slope with the slope
toward dynamics equilibrium, continues to decrease of the experimental line slightly lower. The tempera-
with time and, therefore, the measurements are not ture gradient in the bath in the vertical direction
reliable. amounts to almost 20'C. The estimation of the hath

Fortunately, in our case, the glass bulb itself acts as temperature from the measured value near the refer-
a good membrane. Inman"3 has reported the use of ence bulb is susceptible to an error of a few degrees and
such a glass bulb containing the reference electrode to may be responsible for the difference in the slope.
form part of a concentration cell. The underlying idea Moreover, when the two concentrations are equal, we
is that Pyrex glass at elevated temperatures (330- measure an asymmetry potential of 14 mV rather than
370'C) ca, act as a resistive ion bridge between the 0 as predicted by Eq. (8).
solutions because the sodium ions with a thin membrane lnman 5 ' attributes the asymmetry potential to a
(walls of the glass bulb) have rather high mobility at difference of sodium-ion concentration in the glass be-
these temperatures. Since there are no pores present tween the inside and outside of the bulb which occurs
within the membrane, the two solutions are physically during the blowing. Although this may occur, we be-
isolated. lieve it is highly unlikely; our careful experimentation

has led us to a different conclusion. Note the temper-
Ill. Reference Electrode in a Large Glass Cell ature at which the measurements in this experiment

A Pyrex glass test tube -6-mm i.d. with -0.5-mm were made, namely, 3400. However, NaNO:, melts at
wall thickness is heated with a torch and blown at one 308'C. Although temperature of the salt bath was
end to form a glass bulb with a tubular stem. Theglass maintained at a constant set temperature using a
bulb is nearly spherical in shape with -12 mm in di- feedback control arrangement,"' the temperature of the
ameter and -0.1-mm wall thickness as shown in Fig. reference melt was considerably lower (3100) due to its
2(a). large thermal capacity. In fact, the temperature of the

A reference melt is produced by releasing 2.0 g of bath had to be -,'340°C before the salt in the reference
silver from a high purity (99.999%) rod into a melt of bull) would completely melt implying a temperature
400-g NaNO1 by electrolysis"'; the reference melt con- difference of -30 0 C between the bath and reference cell.
centration cl approximately equals 3.94 X 10- : mole However, Eq. (8) assumes the same temperature for
fraction(MF). The glass bulb is then filled to its neck both the electrodes. Now then. ifc, =c., =c.with both
with -3-4 g of the reference melt. High purity silver reference and bath electrodes at different temperatures.
wires are also used as the cathode within the glass bulb namely. T, and T.-, respectively, use of Eqs. (3) and Wh)
as well as the anode immersed in the bath. The cell is yields an asymmetry potential:
then used to measure the silver-ion concentration in the
salt bath (Fig. 1). The Nernst potential difference is =
measured with a 10-M.. input impedance, digital volt- where AT = T, - 7'. Since T., is always larger than
meter. Ti, AT is negative. In our case, we have AT -- -:0%(

By electrolytically releasing known quantities of'Ag+ and c = 3.94 X 10-a and obtain Al' = 14.28 mV which
ions in 400 g of NaNO, different known concentrations agrees very well with our measured asymmetry potential
of Ag + in NaNO:, in the bath are prepared. By mena- when cI = c.,.
suring the cell potential each time, we obtain the plot The corrected Nernst equation, when c(l e c., is
of cell emf V vs log(c /c9) as shown in Fig. 3. The solid therefore
line represents the theoretical cell potential as given by l - I Ig( 1
Eq. (8). As expected, both curves V vs log(ci/(.) ex-
hibit linear behavior. Both the experimental and the- which is plotted as a dashed line in Fig. 3. The excellent
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Fig. 31. Measured and :alcttied Nernst teotential for large reference
electrod~e g kiss hull) at I'1 ;iI00('

agreement indicates the asvm metrv is indeed due to t roller to maintain the bath temperature Would be re-
temperm' ire difference between the electrodes. q uired.

From the above discussion it is clear that. at tem- An alternative arrangement is to use a smaller ref-
peratures below -35ti 0 'C, measurements are not erence bulb as shown in Fig. 2(b). Use of such a small
meaning-ful as the salt inside the reference cell freezes reference cell eliminates the requirement of large
around the Ag electrode. '[bus, this ty Ipe of cell would quantities of NaNO:j and a separate temperature con-
not permit fabrication of'our ion-exchanged waveguides troller. The cell can easily be fabricated as before but
at lower temperatures. The asymmetric l>.)tential, now using a Pasteur pipette.
because of its temperature dependence, Would require The solid circles in Figs. 4(a) anid I b) and 5 represent
temperature-dlependent compensation of' the analog the measured concentration cell potential at the three
signal when using signal processing means to maintain different temperatures, namely, 32,50 C. 350 0C. and
the concent ration. :3610'C. iespect ivel ' . The small amount of asy'Nmmetry

potent ial at all the above temp~eratures can be due to a
IV. Modified Reference Electrode Cell difference in temperatures of only a few degrees centi-

T[he basic problem of asvrnmetry potential and the g-rade between the bath and the reference cell. In fact.
lemperat Lire restrict ion primarily (ue to tem peratuLre the (discrepancy of a few millivolts is within the mea-
difference between the electrodes can be solved. for surenient error. Typically <5 mV changes in the
example. by heating the uipper part of the reference cell measured value happen depending on the volume dif-
indelpendeniv to comp~ensate tor the heat loss. TIhis ference (Ifthe salt inside the reference cell or the vertical
Would require two temp~erature cant rollers and (I priori p~osit ioning of cit her the silver wire withbin the cell or the
knowledge (of Al or each concent rat ion cell. Another entire (cell it self.
piissi bilitv is toa increase the t hernmal mass. i.e., the Figure 7) shows t he results for various t, vpes of cell
anio(unt of Na Nt)1 in the salt bath, and immnerse thle cell nastired at 36~0 'U. As before, the large cell exhibited
dleep~er toa ensure that the reference elect rode temper - thle highest asynimiet rY potent ial. Three different types
ature approaches that ((ft he bath. This would require ofI smaller version (-eli were also used. T[he ®9 marked
large amiounts of' NaNt) . whhitl becomes expensive, data po(int indicates that the concentration ci of' Ag'
ptlus a more elaborate high lillwered temperature Con-_ ions in the reference cell is less than that of' the bath
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measurements are quite repeatable as long as a small

___ .. ,, i,.* /reference electrode glass bulb is used and experimental
M..... C., conditions are standardized. The error inl our experi-

ments is ±2 mV. Thus, it will help to have a large c 1 /c.
ISO - ratio by choosing a relatively large reference-ion con-

* centration compared to that of the bath. In these
conditions we can maintain the bath-ion concentration
by use of appropriate analog antilog amplifiers and

-/ other necessary process controls. On-line concentration
control should be possible by periodic pumping of ions

100 into the bath. This would permit fabrication of ion-
exchanged glass waveguides repeatedly with the same
characteristics. We are presently working toward

C meeting this objective.
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Fabrication and Characterization of Buried Glass \Vaveguides with
Symmetric Index Profile

R.K. Lagu. V. Ramaswamy. and 5.1. Najafi

Department of Electrical Engineering, University of Florida
Gainesville, FL 32611, USA

Diffusion studies and nodal behavior of Ag+-Na* exchanged planar
waveguides in glass suostrate are presented. In addition, a simple SEM
technique to determine the refractive index profile and the realization of
synnetrical curied waveguides with fioer-liKe refractive index Orofile are
also reported.

1. Introduction

Ion-exchanged glass waveguides have received considerable attention

recently and they are expected to form the basis for passive integrated

optical components. Significant progress has been made in the faorication of

ion-exchanged waveguides. Recent electrolytic release technique [11 and the

improved method [Z] using fritted glass bulo around the cathode provide

opportunities for faorication of passive waveguide devices with repeatable

characteristics. This is quite important because glass waveguide devices

being passive, cannot be tuned electro-optically to coanpensate for faorication

errors.

The guiding characteristic of a planar waveguide depends on the device

parameters such as maximun index change, index profile, effective guide depth,

which in turn depend on the process parameters like the diffusion temperature,

tine and silver ion concentration in the bath. To design a waveguide support-

ing specific nunoer of nodes with desired propagation constants, it is

necessary to determine relations oetween process and device parameters. In

this paper, we present an e'npirical relation oetween process and device para-

meters. We also present a procedure for fabricating syirmetrical buried

waveguides which are co,nparable in shape and size to the core of single mode

fibers. A precise technique to characterize these waveguides using back-

scattered electrons in SEM is also reported.

2. Planar Surface Waveouide Diffusion Characteristics

The Ag-Na
4  

ion-exchanged waveguides are fabricated in a molten aNO 3

bath with small concentration of silver ions. The bath can be considered to
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be an infinite source of silver ions as the number of ions diffusing into the

glass sample is very s.all cco-ared to that of the ions present in the bath.

Under these conditions, the diffusion equation has a closed forn analytical

solution, namely the conplenentary error function. Planar waveguides fabri-

cated in this ianner, therefore. exhibit a complementary error function index

profile. The D-V characteristics for this highly asynmetric profile have peen

determined oy solving the normaliZed node dispersion equation [3] and tne cut-

off values for tne V parameter for the first three modes are found to oe 2.7,

6.3 and 9.9.

The V para~neter is defined as

where X is the wavelength of operation, d is the effective waveguide depth

measured between values at 0.153 of peak refractive index at the surface, and

is given by d - 2/Owwnere t is the time of diffusion and D is the diffusion

coefficient, n, is bulk refractive index, and An is the maximum refractive

index change which depends on the concentration of silver ions Co .

We faoricated several sets of single and multinode waveguides using

Labmate microscope slides for different value of C and measured the propa-

-.gation constants of the 'nodes they suported. Using an iterative conputer

program, the data was fitted into the D-V characteristics of the erfc profile

to estimate an and d. Using these results, the value of 0 was estimated and

the relation between tn and C3 plotted as shown in figure 1. It was noted the

diffusion coefficient D did not vary inuch with different orands (e.g.,

Corning, Schott and Lao'ateO of glass suostrates.

For small C3, an versus C) is essentially linear. For guides with snall

number of inodes, the relationship beteen An and CO can therefore be approxi-

0.04

003

Figure 1. Relation between sur-

face index chance An and Agt con-

centration
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nated as
An - 26.5 C0

CO is the mole fraction of silver Ions in bath.

Using aoove e npirical relations oetween the device (d. n,,, An) and the

process parameters (Co, D, t), we can approximate the V parameter as

V - 63.85 Xt

for ) * 0.6328 4m, no . 1.512 and 0 - 0.129 ii2/min.

Using cut-off values for V parameters for various modes, the design

curves are plotted in t-CQ plane as shown in figure 2.

i0

.. S d O Oi MOOES

so

I woolIt

0 40

20
I moot

NO 0Ul
I , Figure 2. Desiqn curves for var-

0 . 4 *.o ,o ,o o ious modes (X =0.6328 un)
Ag MOLAR CO.NCENTRATION C, to-

3. Wavequide Characterization

The technique frequently used for measuring silver ion concentration

seems to be Electron Microprobe Analysis, also referred to as Electron

Microprobe £4]. The equipment needed for this technique is quite expensive

and is not available at our university. We have investigated a technique

using a Scanning Eleztron Microscope to find the silver ion concentration

profile. In an SEM, the specimen is Don.oarded by an accelerated electron oeam

with an accelerating v3ltage in the range of ZU-50 Kv. The specimen generates

two types of electrons, nanely, the secondary electrons and the fack-scattered
electrons. The oack-scattered electrons wnich have 'nigher energies car-y the
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Figure 3. a) Index profile of a planar waveguide fabricated in the first
step by field-assisted diffusion of silver ions. b) Second field-assisted
diffusion in pure Nat.O, results in a buried skeweo index profile. c) Index
profile of a planar wavequide fabricated in the first step by diffusion
without applied electric field. d) Symmetrical index profile of a buried
waveguide results of seccno field-assisted diffusion in pure t'aO3.

information aoout, speci,nen composition. Since the atonic weignt of silver is

much hi.;her than that of the rest of the ions in tne glass suostrate, the

contrioution of silver ions in the guide region to the yield of pack-scattered
electrons is maximum. Thus, if the saiple is polished across the edge of the

waveguide and scanned in the SE.M, the back-scattered electron intensity pro-

file gives a good estimate of the silver ion concentration profile. Since the

refractive index change is directly proportionl to silver ion concentration,

it also gives a good estiiate of tne index profile. The silver ion concentra-
tion profiles measured using this technique are shown in figures 3(a) through

3(d). It can be seen that this 7vthod has a good Signal to noise ratio and

high resolution. The big dip seen in the .ignal comes from a layer of epoxy

used while polishing the wave^uiJe. The epoxy is applied on the surface of
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the guide and another glass slide is stuck to it before polishing so as to

avoid the rounding at the edge of the waveguide.

4. Planar Buried ' avequide Fabrication

A two step diffusion process utilizing field-assisted diffusion is used

in glass to forn buried waveguides [5]. In this process, soda-lime-silicate

glass slides are i,7.nersed in nolten sodium nitrate where silver ions are also

present. Initially, a surface waveguide is formed by a field-assisted dif-

fusion of silver ions in glass. This is followed by a second field assisted

diffusion, however in pure sodium nitrate. The diffusion tine and applied

field in each of the two steps are two important paraneters which control the

dimensions and index profile of a ouried waveguide.

In the existing process, applied fiald in tne range of 60-1IU volts/an is

used. This results in a step-like waveguide (figure 3(a)), which when Ouried,

gives a skewed index profile (figure 3(o)). These results agree with the
skewed profiles of buried waveguides already reported in literature £53.

We have experinentally determined that if no field is applied in the

first step, as expected, a surface waveguide with comolementary error function

profile is for-ed (figure 3(c)) which, when suojected to a field-assisted

diffusion in pure sodium nitrate, results in a symmetrical structure with ner

paraolic index profile as shown in figure 3(d). To obtain waveguides with

various widths, surface waveguides were forred without drift field for 40

minutes using the electrolytic process [2]. The ti-ne of second diffusion was

varied between 20 to 80 ninutes using an electric field of 30 volts/,=. The

resulting waveguies were polished and analyzed using a Scanning Electron

microscope (SZ:') to get the estimate of their widths. Figure 4 shows a plot

of wveguide wittn 'A (,measured Oetween 9 . peak values) versus the second step

diffusion ti,ne indicating that symmetrical buried waveguides of aroitrary

'

Figure 4. Relation between the
wave jide width and the second

steo, field-assisted diffusion

time
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widtn in the range of 6-16 uis can easily be achieved and that diffusion depth

exhibits the expected it dependence.

5. Conclusion

Design curves which can oe used to deternine the concentration of silver

ions and the time of diffusion required for a planar waveguide of given width,

number of nodes, and surface index change are reported. A simple, new tech-

nique which uses the back-scattered electrons in an SEM to determine the

refractive index profile and waveguide width of glass waveguides is also

described. In addition, we have presented a procedure for fatricating buried

glass waveguides with fiber-like index profile of varying widths.
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Department of Electrical Engineering
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Introduction

In a conventional optical system, the index of refraction of each optical
component is homogeneous. To achieve desired operating characteristics, take

for example a lens, usually several parameters like the curvature, the thick-

ness, and the index of refraction are varied. In many other systems, often
these parameters are used to optimize the performance of a device under

consideration. However, gradient-index techniques have proven to be useful in

the design of iz3ging systems [11 and guided wave optical components. For
example, axial and radial gradients have been used to correct distortion and

chromatic aberration in lenses [21. In addition to the fabrication overlay
lenses [2, faL ajeCLrm analyzer applications, gradient-index optical devices

have been used in the design of multiplexers [41 for communication system
applications. In addition, graded index waveguides have also found numerous

applications in passive and active optical system components. In particular,
passive, single mode, glass waveguides, compatible with single mode optical

fibers, are expected to play a major role at the receiving end of an optical
communication system.

Several techniques, e.g. chemical vapor deposition, polymerization, ion-
diffusion and etc. have been employed to obtain refractive index changes both
in glass and plastics. Of all the techniques, ion-exchange or ion-indiffusion

is the most popular approach in fabricating gradient-index components in
glass. At University of Florida our emphasis has been on gradient-index
optical waveguides for passive integrated optical components.

A variety of monovalent ions e.g., T1+, K+, Cs+ and Ag+ have been used to

fabricate optical components (waveguides) by several groups around the
world. Our choice of Ag

e 
was dictated by the fact that not only pure

(99.999%) silver electrodes are readily available for electrolytic release

[51, but a heavy element like silver is easily amenable to SEX analysis for
index-profile measurement t61. Besides, the in-situ measurement of Ag

+

concentration [71 allows the replenishment of Ag
+ 

as needed. Although such a

scheme facilitates precise control of the fabrication parameters, fundamental
understanding of the diffusion process and its relationship to modal charac-
terization is essential for the design and fabrication of both the gradient-

index and passive optical components, with assured repeatability.

In this paper, we present a detailed study of diffusion of silver ions
into the glass substrate for design of a planar waveguide with desired

parameters, with specific emphasis on the influence of diffusion time,
electric field and concentration of silver ions on the wavegulde parameters.

Buried wavguides with nearly symmetric profile have been fabricated by a
two-step diffusion process appropriately assisted b the application of an

electric field at each step. Assuming that Ag concentration profile
corresponds to the index profile, calculation of modal field profiles indicate
that the results are in reasonable agreement with the predicted field profile.
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12.2

Diffusion Process
The iabrication of graded-index glass waveguides is accomplished by in-

diffusion of Ag
+ 

into the glass substrate at elevated temperatures in a molten
NaNO 3 bath that contains Ag+ ions. The refractive index profile can be
tailored to desired specifications by varying the different process parameters
in a two-step process [81. In particular, the parameters that control the
buried waveguide properties in the two-step diffusion process are

tl, EI = Time of diffusion and applied field in the first step (NaNOI - Ag+),
t2, = Time of diffusion and applied field in second step (pure Na O3),

C0 = Silver ion concentration in the bath,
T - Fabrication temperature - 330°C.

The presence of an applied electric field during the diffusion causes the
silver ions to move deeper inside the glass substrate [8-101. Moreover, if C0
equals zero in the second step, an out-diffusion of silver ions appears to

occur from the cover-surface of the guiding film. The buried single mode
waveguides thus fabricated showed the expected 18,101 skewed index profile

rise LJ modal field distribution which is not necessarily optimum for
maximum power coupling into a single mode fiber.

In an attempt to acquire a better control of the process parameters and
understand their influence on the waveguide characteristics, we have investi-
gated the two-step diffusion process using the electrolytic release technicue

[6] in detail. To begin with, we studied the first step process in detail.
For small concentration of Ag

+
, with El = 0, the concentration pro:ile is

C(x,t) - C0  erfc[ -"--[ , (1)
2, Dtr

where D is the self-diffusion coefficient of Ap
+ 

in glass. The effective
diffusion depth W0 is specified at x = 2fD/t, at which point erfc (i) =

0.157. From the diffusion depth WO , obtained for bath concentrations of the
order of - 10

-
) MF or greater, we obtain a value of D = 0.2S m-nin for Ag

in-diffusion into glass substrate. For cocentrations Co < 10
-

, 1 appears to
decrease monotonically with CO. This behavior is presently being

investigated.
Since we are ultimately interested in comparing the diffusion depth W as

a function of the parameters of the two-step diffusion process, we define W to
represent the distance between the I/e points on the SEM profile photograph.
It can be easily shown that W = 0.64 W0. Fig. I shows the expected square-
root dependence of W on diffusion time tl for two different values of C0 . For
large values of C0 (> 10 ), using the above value for D, we estimate the
slope of W vs. [tF, be 0.68, which agrees well with the fitted value of 0.72
shown in Fig. I. As stated _reviously, this value monotonicallv degreases

with decreasing CO (CO < 10 ) and for CO - 2 x 10
-
', D - 0.-. um'imin.

Although we used Labmate slides, D did not vary a great deal with different
laboratory glass slide substrate',. Dependence of W on C0 indicates a similar
behavior and is not expected on the basis of theoretical analysis [10].

With an applied field in the first step, the concentration profile is

described by 11],

0O D x + Eut Fj
C(x,t) l - {eD erfcx t + erfc(x- .ut (2)

2 V D 2 V It-
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which reduces for large values of Eut, specitically for Ewt > 5fD5-, to

C(Xt) erfcx - Eut (3)C 2~) T 2 iD, t

SEX experimental results confirm the above profiles and furthermore, the

results indicate that for fields larger than 20 V/=m, Eq. 3 is a good approxi-
mation. 'hen C/C0 - 1/2, the effective depth of diffusion W for which

erfc - 1, is given by Eut + 2/UD-t. For large fields, Eut >> 2V-Dt and
therefore, W approximately equals Exit in this case. For Ag

+ 
diffusion in

glass during the first step, at, a field of E1 - 30 V/mm for t, - 45 min., v
was determined to be 15.55 u-/V-min. Fig. 2 shows the expected linear
relationship between the measured values of W from SEX measurements and the
time of diffusion t, .

However, to obtain a buried symmetrical profile, it is necessary to
utilize a two-step process where the second step diffusion is carried out in
pure . ...... The dependence of the diffusion depth on different fabrication
paraeters in the two-step process have been studied in detail. The buried
depth of the final waveguide can be altered by judicious choice of the tun-
step process parameters viz tI, El, t, and E2 . Fig. 3 shows a SEX photograph
of two such profiles with the surfaces of the waveguiding films placed against
each other. Diffusion was carried out with CO = 2 x 10- MF and T - 330°C.
The index profile on the right in Fig. 3 shows the effect of a non-zero
electric field in the first step keeping all other parameters the same in the
two runs. The presence of E, causes higher peak index and larger diffusion
depth. The latter effect is rather obvious since the applied electric field
increases the penetration depth of Ag

+ 
ions. However, the large peak index is

caused by the particular experimental configuration used in the first step
which allows the concentration CO near the substrate to increase locally due
to the electric field and can nearly be eliminated if required by adjusting
the position of the anode.

Dependence of W on t, in the two-step process indicates that W increases
with t, in a similar fashfon, for different values of C and E,. However, for
a given C O and t2, increasing E2 increases the width 9 linerly. These and

other diffusion characteristics will be discussed in detail.

Field Profile Determination
The intensity profile of the waveguide was measured by using a video

camera in conjunction with an oscilloscope. The waveguide was excited using a
prism coupler and the output pattern focused on the camera. The frame and
line pulses from the video signal were used to trigger the oscilloscope and to
select a particular line for the display of the video signal as vertical
output. The horizontal scale of the oscilloscope was carefully calibrated to
give the mode intensity profile directly on the screen.

Inserts in Fig. 4 shows photographs of the fundamental and the next

higher order mode of a planar glass waveguide fabricated with one-step
diffusion (EI = E2 . t, - 0). For this waveguide with erfc complimentary
index profile, V - 7.80 and only two modes ar2 guided. Numerical solutions
for highly asymmetrical waveguides [121 were used to calculate the modal
profile. The experimental results agree fairly well (Fig. 4) with the
predicted profile and will be discussed in detail.
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Planar, Buried, Ion-Exchanged Glass Waveguides:
Diffusion Characteristics

RANIU V. RAMASWAMY. SENIOR MEMBER, IEEE, AND S. IRAJ NAJAFI

lbstract-A detailed theoretical and experimental studs of Av'-Na LiNbO 3 waveguides. cannot be tuned electrooptically to
hange in soda-lime silicate glasses in a molten bath containing a compensate for fabrication errors. Typical Ti: LiNhOj

xture of NaNO, and As" is presented. With no applied field, con- sin-le-mode waveguides are about 2 4m deep. with the
,tration profiles C v. t) land therefore, the index profiles for lo, con-
trationsi are given by complementarv error function. The esti- peak of their refractive index located at or very near the

ied value for the self-diffusion coefficient D of AE is 0. 133 pml/min surface. Ti:LiNbO3 channel waveguides of small strip
low concentrations and it monotonically increases -Aith the surface widths with such shallow diffusion depths couple rather

icentration C,, until it saturates at about ).3 ,m~lmin for C. a 10' poorly to single-mode optical fibers because of significant
.However. square root dependence of diffusion depth with time modal mismatch. Moreover, the coupling loss increases

ms to he independent of the C,,.

Presence of an external field E causes the effective depth of diffusion with decreasing guide widths (121. On the other hand. a
increase. In fact, for large E fields, the profile can accurately be two-step diffusion process [13] allows th. 71",active index
,cribed b C/C, = ' erfc(t' - 0i where r = AEi/v2Dt where m is the to be adju:;',d ii, the depth direction, thus permitting the
ic mobilit of Ag* in glass. We define a new diffusion depth IV as realization of buried, symmetrical waveguides with tiber-
.distance from the surface to the I/c concentration point, and for
ge fields. W iaries linearli ssith E and t. Experimental results .%ielded like refractive index profile.

alue of 145.55 nm~iV • m.n for 4. As before, square root dependence In this paper, an ion-exchanged process in glass is de-
W with t and the linear variation of W iers s C,, for C,, < 10- NF, scribed involving the cation Ag'. Section II presents a
th WsaturatinV for C. > 10 1 NI". wer2 observed in the case of field simple analysis of the single-step Ag -- Na' ion-exchange
'isted diffusion, process with and without the presence of an applied ecc-

k two-step process,. shere a surface ssaseiguide formed in the first tric field used to enhance the diffusion. Section III pre-
p 0ith either E equal to iero or some finite value, is modified b r
rforming a second diffusion in pure sodium nitrate to produce a bur- sents a detailed experimental study of both the single-step
I. s~mmetrical fiber-like profile. This process is also studied in detail, and the two-step diffusion process and the associated pa-

rameters that control the refractive index profile and the
dimensions of the buried waveguide. In addition, a back-

1. INTRODUCTION scattered scanning electron microscope (SEM) technique

R ECENTLY, glass wavecuides have received consid- (13] to measure the depth of diffusion and its dependence

erable attention because of their compatibility with on the applied field, the time of diffusion in each step,
,ingle- and multimode optical fibers. They are expected and the concentration of silver ions in the bath is dis-
o form the basis for passive integrated optical compo- cussed in detail. Besides providing a better understanding

nents. not only in the receiving end of an optical cor-t- of the Ag'-Na' interdiffusion phenomenon which is ap-

munication system. but also in hybrid (optical and elec- plicable to similar ion exchanges, the results are useful in

Ironic) systems as well as in other special applications, the design of single- and multimode %%aveguides using the
The ion-exchange technique seems to he the most com- process.

mon approach for fabricating grad,'d-index vaveguides in
glass Il]-is]. II. THiFORETICAL A-ALYSiS

Recent efforts 161 in the fabrication ef ion-exchanged A. Interdiffition Model
%aveguides have resulted in the improved electrolytic re-

lease technique (91. This technique provides opportunities Optical waveguides in glass substrates are often fabri-
to contrl the ion concentration [1101 during diffusion, thus cated by creating a laser of hiher refractive index on the

permitting fabrication of passive glass wave-uides with surface of the substrates. This can be accomplished by the
asured repeatabilityI Il1. Prec'diffusion of inonova lent atoms of higher polarizability,assredreeatbilty[I ].Precise control of concentra-

tion profile is quite important because glass wavecguide e.g., cesium Il1, rubidium 11. potassium 121. silver 131 -
components. unlike their counterpart in Ti-diffused [6). and thallium 171. 18). Although the diffusion of one

of the above ionic species into an isotropic. homogeneous

NManuscript recned l.me 28. 185: revi,d )eccc,,cr 17. loS5 Th, mediuli such as glass could conceivably create the req-
work %,as .upp.rted hs the U S. \tr F:orce Otilie of Sicntdic Re'arch uisite increase in refractive index, it is widely believed
underContract At'OSR X4-06'hfpn that ions of higher polarizability actually exchange Ill-

The :itohors ire \k oh the [epar-nielt I h nlnccrim,. Uni'cr-
%iv -,I Fhoridi. (loncs die. 1t. ,261 1] w iih those already present in the glass, thus preserving

IEEE Log Numnber 8644205. charge neutrality. Glass constttuents consist of forners,

0018-9197/86,0600-OS,3SO1.00 "© 1986 IEEE
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intermediates, and glass modifiers; specifically, the alkali concentration C4 is small, the diffusion coefficient D, of
ions of the network modifier (e.g., Na*) are believed to the incoming ions is unaffected by their presence inside
exchange with the external ions (e.g., Ag*) diffusing into the glass substrates. This implies that D4 is independent
the glass, thus preserving the structural integrity of the of the position x and the diffusion equation (2) further re-
glass substrates. duces to the simplest case

The ionic mobility of the indigenous species is usually ac a2c
differ, nt from that of the incoming species. Unequal - = D - (3)
transport properties of these ions will in turn create a lo- at ax-
calized imbalance in the charge distribution in the glass, where we have dropped the subscript A as we are dealing
thus giving rise to a potential difference. The induced field with only one species.
will assist the movement of the slower ions while imped- Fabrication of planar waveguides requires the diffusion
ing the progress of the faster ions. This in turn will bal- of atoms with higher electronic polarizability into a glass
ance the interdiffusion of the ions by making their Miow substrate placed in a large molten salt bath that also con-
rate equal and thereby maintaining the charge neutrality. tains an indigenous species already present in the glass.

If ion exchange indeed occurs between an incoming ca- Usually the diffusing ion concentration is small compared
tion A and an indigenous cation B, the process is often to that of the indigenous species. A typical example would
described by writing for each species the Fick's law [14] be the presence of a small concentration of silver ions in
in one dimension, except that the self-diffusion coefficient a sodium nitrate bath and the diffusion of silver ions into
in the equation is replaced by an interdiffusion coefficient a semi-infinite glass sabstrate. If the substrate contains no
D [15]: silver ions to start with, then the simple diffusion equation

DDR given by (3) applies. To solve (3), we also require the

ND, + ND, (I) concentration C) of Ag', although small, be held constant
at all times. Therefore, the initial and the boundary con-

where V, (i =, B is the mole fraction of exchangable ditions are
ions. i.e.. the ratio of the concentration of species i to the
total concentration and D, is the self-diffusion coefficient C_, 1) = 0 at x > 0
of the species i. and

Therefore, Fick's law in one dimension becomes the
diffusion equation C(0, t) = Co for all t .> 0. (4)

ac, a ac) .(2 The solution of (3) under these conditions is the well-
at = ax (6 ax (2) known complementary error function [141

Solution of (2) is dictated bv the nature of the diffusion Cxx. ii = C eric (5)

coefficient D. As seen from (I), D depends on the con-
centration of the diffusing species and varies as a function
of position x in the glass. This implies that (2) must be where

solved to determine the distribution C, of the incoming ,' 2-,!D
species A. For the case of a semi-infinite glass substrate
containing initially none of the incoming species and in and
contact with a salt bath which includes the species .4 with e 2 _
its concentration C,, constant at the interface. Crank has eric ()
presented the numerical integral solutions of Fujita in nor-
malized monograph form 114j. Crank's graphical repre- Wo is called the effective depth of diffusion without the
sentation of CC, ,,crsus t,,1'", with D,"DR as the param- application of external field and corresponds to that dis-
eter \, here IW', ( =21)l is the depth of diffusion, renders tance from the waveguide surface where C,'C,) = ertc( I)
Fujita'a solutions useful. = 0.157. Curve (a) in Fig. I (dashed line) shoos a nor-

malized plot of erfc function (5).
B. Self-Diffiisioni Eqtia:iem Without Extermil El'circ
Fiehl C. Self-I) ilismoi wiith E-ternal F-/cctric Field

In special cases. ho wcver, the interditfusion coeflicient The diffUsion of incoming, cation can be enhanced 1,\
) is cssentially the same as the self-diffusion coefficient applying, an external field to the substrate. Fick's equation
D, of the incotring species A. One such case is )hen the for the ionic current density J can be modified to include
self-diffusion coef ,cienis are equal. Inspection ot (I) re- the drift of the incoming ion due to the external electric
vea., that w, hen 1), 4 DI, and since ,V4  + ,9 = I, the field E in the for\,ard direction:
interdiflusion coefficient L) equals D. Another case arises c
when the molar concentration C, of the incoming species J = - + pEC (7)
is quite small. i.e., V = 0 and N,4 -I . As a result. D
approaches 1)4 in this case as well. However, since the where it is the ionic mobilitv of the incoming species it,
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r. The shape of the cure in the recion r' > r is the well-
1.0 . . ----- ."- known eric profile. However. in the regaion r' < r. the

,",.a negativc argument of the complementary error function
•~ ,,,results in an antisymmetric (or inverse) profile about the

0., ', ' ,point x' = r since ertc (-z) =2 - ertc (z).
0. ,A few words about the definitions of the depth of dif-

0. ' '' fusion are in order. In the case of r = 0, W(= 2v/D) is
0- an appropriate measure and corresponds to that position

in the substrate where C/C = erfc( I ) = 0. 157- However.
0.2 , for non-erfc profiles obtained in the presence of low ex-

,",,2. ,_ ternal electric fields or buried symmetric profiles. achieved
000 - by usine the two-step process 1131 and which are de-.0 2 | 3 4 5 a -

xi =Xw) scribed in detail later in this paper, this definition is not
1. Plot of concentration versus normaliied depth ustng ex(act (9t and adequate. The problem can be best illustrated by consid-

approximate (10) equations tor different values of r (=j;Eti2.vO. ering the case of large field-assisted diffusion. If we define
the effective depth as before as the point x at which the

he host glass substrate. As before, if we assume that D argument of the complementary error function equals I.

nd A are independent of position x in the substrate, and then as seen from (10), the depth of diffusion now repre-

f we fure that for low concentration the tm sents the point x where C/C = 0.079 rather than 0. 157.
la sumanbe i we obtrtn We need. therefore, a different definition for the effective. wdepth. There are two other choices worth considering.

ac a-c aC I) lIV ,_ = that value of x for which ClCo = ,. Thisat D at- ax . seems appropriate as it has the advantage in (hat for r >

2.5. the effective depth of diffusion W,, represents the
For diffusion into a semi-infinite class substrate with position of the half concentration point and equals AD,

*he sare initial and boundary. conditions, viz. initially, the field-assisted contribution (actual translation, in the
'he concentration inside the substrate is zero and the con- case of large tields) to the normal diffusion obtained for r
2entration at the surface is held constant at all times, the = 0.
solution to (8) is given by [161 2) IV = that value for which C/C, = lie. This defini-

C [ .tion seems convenient for defining the width of symmetric
C(x', r) =- erc (x' + i) + eric (.' - r)] (9) or quasi-symmetric index profile obtained in the two-step

process where the width of the profile is represented by
'.'hcrc x' = x/1 0 = x/%[t is the normalized effective the distance between the points which have concentra-
depth of diffusion without external field and r is the ratio lions gi ien b, C/C1 = lie where CO now is the peak value.
of the depth of diffusion due to the electric field to the The latter definition for the diffusion depth IV for all the
effective no-field depth WVo, i.e., r = AEt/V o = uE/ cases including the no-field case (r = 0) requires recon-
2.,It. For large values of pEt. since erfc approaches zero sideration of the two extreme cases. namely. r 0 and r
with increasing x at a faster rate than the growth of the >- 2.5. in order to relate the depth IV to W0.
exponential term, the contribution by the first term is neg- 1) r = 0. For the no-field case. setting r = 0 in (9)
ligible and the above equation can be further approxi- yields the same relationship as stated by (5). viz. CC', =
mated as erfc (x') = erfc (xl2\lDt). At the position where C'C, =

Co Il/e = 0.368. the ar,.ument of the complementary error
C(x'. r) - 2 erfc (.' - r)], r :!: 2.5. (10) function 0"( = /2\5t)m uist equal 0.64. Thus, the e'iec-

2 tive depth of diffusion ' = 0.64 (2 v'Dt). In other words,

Fig. I shows the dependence of the ditlii,,n ion con- WV 0.64 W, (I)
centration on the nornalized position x'. The dashed curve
(a) represents the case of zero external electric field and and thi, can Nc easil ,ericied from the dashed cure (a)
curves (b)-(d) correspond to the increasing electric field in Fig2 I by inspecting the position x' at w, hich C.'C,, =

associated with the ratio r = 1, 2.5, and 4. respectively. 0.368.
The dashed curves show the behavior for large field ap- 2) r 2.5. Follmi~hg thc al)oe procedure, it can be
proximation as given by (10). It can be seen that is iat shown by coliiderin 110) thal the normalized depth x'
increases, the tield-assisted diffusion _dotinlites the pro- for whIch CC, = 0.30'8 is iven by r' = r + 0.24.
cess, and for 0Et >_ 2.5 IV, (-= 5,.l)). (I0) becomes an Therefore,
excelletit approximation for the general solution given by I 0.24 t1(
(9). Furthernore, for ;4Et _ 2.5 I. C/C always equals
0.5 at r' = r. i.e.. at x -- Et. In fact, under the large For extremelv larZe values of E. . = pE.
field approximation (r > 2.5). the argunietit of the com- Her-eafter, ,.e will denote the depth of diffusion by IV'
plementary error function (10) is positisve only when v' > for all the cases including the no-field (r = 0) case.
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111. ExPERIMENTAL RESULTS

A. Self-Diffusion Without Applied Electric Field

Our experiments were carried out by using soda-lime
silicate laboratory (Fisher Brand) glass slides, immersed
in a bath of molten sodium nitrate at 330'C containing a
small amount of electrolytically released silver ions [91.
The bath was stirred to assure uniformi concentration of
Ag' in the bath. Concentration C, of Ag varied from 2
x 10- to 2 x 10- MF where I mmole fraction (10- 3

MF) corresponds to =0.5 g of Ag', released into a mol-
ten bath of 400 g of NaNO 3.

First diffusion of Ag' ions into the glass substrate was
carried out for 30 min with no external field (E = 0) and Fig. 2. Ag' prohile of a planar waveguide fabricated by a firt-step dilu-

with Co = 2 x 10-" MF. For such small concentrations, sion without applied electric field.

according to (5), we expect an error function complement
profile irrespective of whether Ag' exchange with the
constituent Na' or self-diffuse into vacant or interstitial - ,"
sites in the glass matrix. The photograph shown in Fig. 2 0 =30m

shows the depth profile of silver ions in the glass substrate
obtained by detecting the backscattered electrons when the
sample is bombarded by high-energy (25 kV) electrons in 0.

a scanning electron microscope (SENI). On account of the
higher atomic weight. contribution of silver atoms to the 0A

yield of backscattered electrons is much higher than that
of other constituents [17]. Samples were prepared by o ---------......
epoxying a small glass pad made of the same material as
the glass substrate over thic -. aveguck sutfc e. ihen poi- 0 2 ,,', 1 5

ishing across the ed,,e of the waveguide, and finally de- xtt

positing about 50 A thick carbon filt over the %iewing Fig. 3. Comparison of the experinientall, measured index wrotile ot Fig.
sample to avoid any charge buildup. The dip in the profile 2 to the theoretical prediction. I

to the left of the waveguiding surface identities the epoxy
region which does not contribute to backscattered elec-
trons. As seen from Fig. 3, the silver ion profile of Fig.
2. when replotted, by assuming the zero-crossing point to c =2o.,o-.,
terface, agrees very well with the predicted erfc profile

(5). By minimizing the sum of the square of the errors.
the value of D that best fitted the data is 0. 133 ,tm-/min.
which agrees very well with the value of 0.13 pm'/min 2- E,=o

obtained from the modal characteristics of these wave-
guides. results of which are presented elsewhere [I 1S. The 040- 5. 30 45 00 5

effective depth of diffusion Io. specified at x = 2 ,Dt (at
which point the argument of erfc is I and C_'C, = 0. 1571 Fi 4 '.r.uiio dulus.n depth oh tm ione-',ep, sithiut .,phcd

equals 3.98 jon and agrees very well vith the SENI data electric field, diffusion process.
of samples diffused at 330'C for 30 min. In fact, the v.alue
of D for Ag,- in glass did not vary ,cry much bct' cen ofD = 0. 14 jm'/min and agrees quite s. ell with our pre-
soda-lime silicate gilasses from various vendors (Fisher. vious result derived from Fi.. 2. fio,.ever, as conccntra-
Schott. and Labmate). lion is increased above this .value. D increased as \sell.

Several planar waveguides were fabricated without any As seen frotnl the III versus tj curve for the larger concen-
applied field by varittg the Itte ofdiltusion for t\.o con- tration (Co = 2 X 10-'), D = 0.32 pm-min, , which ts
ccntratutns Co = 2 x 10-- anu 2 x 10 ' NIF. MCletured about a factor of two larger than that for the lover con-
values of I' exhibit a square root dependence on r. as cx- centrattli. We wvill further discu,,s the dependency of D
pected from (5). and this is experimentally ver/tied is on concentration C, in the fo0llowitig para.raph. The lsub-
sho\n tn Fig. 4. For relati\cly small concentrattons (Co scripts I and 2 of parameters E and r in Fig. 4 idcntttv
= 2 x 10- i NIF), the estimated constant of proportion- each part of the two-step difl usion process described later.
ality equals 0.48. As seen from ( I I). tlls must equal the For the present. with the single-step diltusion process. E,
constant of proportionally 1.28\1D. This implies a value = t, 0 and t, * 0.
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Curve (a) in Fig. 5 shows the dependence of the depth0 iT15(2In
of diffusion WVon the silver ion concentration C,) for EI 0 A 4 22 16 20, 24 Z&

o and tj = 30 min. According to the simple theory for0~n
low A-' concentrations. WV should be independent of Co Fig. 7. Comparison of nicasured index protile of Fig, 6 to the theoretical

as D represents the self-diffusion coefficient of incominZ prediction.

silver ions in glass. Instead, WV increases monotonically ______________

with Co1 until C0 = 0 MF and then begins to saturate. 2

Table I shows the dependence of D, estimated from the .StEk...

diffusion depth (W), versus concentration (Cu,) data.
This dependence indicates the existence of a concentra-7

tion-dependent D even at such low concentration, even
though for a given C,), IV varies as Itas evidenced by 1*E30v

Fig, 4. Saturation of IVwith increasing Co could very well E," =00
mean that Ag'-Na' exchange indeed occurs and that no

further sites for AY' indiffusion are available or that the 0 I

However, lower values of D for low concentrations are t'(-)n

rather unexpected. and the exact diffusion mechanism that Fig. 8. Vari--,min c~f Jolui~wn depth %in timie in o1nestep, Ath applied

is respunrsiflie for the WV versus CQ behavior is presently electric tield. dillu'ios proce~ss

under investigation. Further-more, the question of whetherE-45Vtmt, 3m.WihB ).33 0
2 mn

a simple ion exchange througlh a liquid-solid interface the 1es thoct, fi ~o~and ru 1.5
produces a concentration-dependent diffusion needs to be V mill is , ho~k n1 as thec ontiliovws cur% c. As5 seen trm
resolved. It does not appear that the diffusion is restricted FigA. 7, pE,t, = 2 1.5 jol at C/C,, ~.Since the ratto r is
to a simple case of self-diffusion of silver ions. Curve (b) cerygetrta 5a ecie ale.W
in Fi-. 5 will be discussed in the following section untder .C

C p~gEi,.j and as seen from ( 2). tho efcective depth of' dif-
self-dIffulsion with applied elcctric hield, fusion It' jtEj, illtistratIL ng1 the dotnltnce of field -as-

B, elfDi sio IvthAppiedEletri Fildsisted diffusion. This poinit is, further ilkiNtraed in Pi.8
B. .9-Dif1i't17hAtpidEcii i where 111C CtleCti\ e diflulon01 depth It', in the presenceC of

The SEM picture of Fig. 6 shows the Ag 'protile I-or ati applied electric held of 30 V min11 fo(r Co = 2 x 10-
diffusion at 330'C for C1 = 2 X 10'~, E, = 45 V/mi,. Mil. is plotted against t, . For r, =15. 30. and 45 mim. r-
and r, = 30 min. Again, subscript I identities the first. =1.6. 2.3. and 2.8. respectively. The solid line repre-
and in this case, the only step in the diffusion process. sents the Iield-assilt.d diffusion depth ;1Elti. i.e.. 0.47 tg.

Fig. 7 shows data points of the SEM profile of Ag 'for and surprisingly . as seen in Fig. 8, It' agrees vcr well
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bath (measured to be 0.004 13 /cm) supports an electric
field between the glass surface that is in contact with the
bath and the aluminum foil anode placed 10 mm directly
beneath it. The field is aDlied between the cathode. i.e.,
the metal contact deposited on the other surface of the
sample not in contact with the bath and the aluminum foil
anode. The Ag * concentration increases slightly near the
surface of the glass sample as these ions are driven by the
electric field towards the surface until an equilibrium is
reached due to the increased charge buildup near the sur-
face. A relative potential drop across the distance (10 mm)

.X 10 0+ : ,* -19 +in the solution between tile glass surface and the anode
indicates the presence of a field approximately 1.5 V/mm

Fig. 9. Ag' profile of two planar waveguides (stuck face to face) fabri- when the applied field was 10 V/mm. This local field
cated by a first-step ditfusion: left: without field, right: with field, causes the concentration to increase in the vicinity of the

sample while the field across the sample decreases by a
with the measured values, although r values are relatively small amount. Careful analysis of Fig. 9 shows that the

low. ratios of the surface concentrations with and without the
Variation of IV versus C,, with E, = 10 V/mm and t, = field to be about 1.1. which is in close agreement with our

30 min, shown in curve (b) in Fig. 5. discussed in the last rough estimation based on a field-induced increase in the

section, exhibits a similar dependence as curve (a). IV sat- concentration at the surface. It is clear that in the case of

urates as before for C0 - 10-3 
, and for this case. D = field-assisted diffusion, the actual concentrations in the

0.3 jm 2/min. Therefore. W) equals 6.0 am and gE~tl = presence of an applied field should be considered for dif-
4.67 Acm. This is an intemiediate case where r = 0.78. fusion as well as index profile studies. To achieve equal
and as such, there is no dominance of field-assisted dif- concentrations with and without the presence of applied
fusion yet. From Fig. 1. it is seen that W = 1.2 I 1,). How- field, we must reduce the potential dronp between the elec-

ever, measured values in Fig. 5(b) are about 36 percent trode and the glass substrate. One possibility is that the
less. In fact, W equals jiE,_, and this result is in accor- gap between the electrode and the surface guide can be
dance with the data shown in Fig. 8. Although the data reduced to minimize the potential drop.
agree well with r = 0 and 2.5, for values of r in between. One of the problems usually encountered in field-as-
the theory does not seem to be valid. This behavior seems sisted diffusion is that of electrode deterioration [191. Un-
to indicate that the theoretical model is not quite appro- der the influence of the applied electric fie' 1. sodium ions
priate. Comparison of the diffusion to a low field E, should in the glass migrate towards the electrod,, and are con-
be slightly larger than 0.64 IV0 and much smaller than the verted into sodium metal at the electrode (cathode). Since
depth AcE~t, + 0.24 W0 corresponding to large E. The sodium is highly reactive, it attacks the aluminum elec-
measured difference should be less than the calculated trode. Thus, films of noble metals like gold or platinum.
value, which is about 2.3 pm. Comparison of curves (a) being chemically inert, serve as better electroes. Unlike
and (b) in Fig. 5 reveals indeed a shift of only I pm platinum which has a high melting point (17"72°C), "old
due to the field of 10 V/mm. Whatever the mechanism is (melting point 1064'C) is easier to evaporate; however.
of diffusion without the applied field, a translation of the a thin layer of chromium %%as deposited priorro the evap-
concentration profile occurs due to the electric field. The oration of gold to provide better adhesion to glass. An
effective depth of diffusion IV equals the translation depth electrode made of 50 A chromium and 1000 A ,old has

1Etj for both small and large fields, althouth the theorv worked well in our experiments.

predicts this behavior only when r = jE t 1/2- 'D , 2- 2.5
since the self-dif'usion contribution is negligible only in C. Tto-Step DiI~i+siiit Process ait the Fbricarjot of
this region. Buried Wat'eguides

Another effect that was observed is illustrated in Fic. Field-assisted diffusion pcrmits tailoring of the refrac-
9. Here two waveguide surfaces fabricated under the same tive ittdcX profile ,.A two-,tep diffusion process has been
conditions, viz. concentration in the bath C,, = 2 x 10- ; used previously to fabricate buried xaveguides in glass
t, = 30 min. and T = 330C, except that the cuide ott 1131. ItI this process. initially, a surface wavegui, is
the left was made with E, = 0 and the one on the richt formed with field (45 Vututo f-assisted diffusion of sib er
with E, = 10 V/mm. According to (9), concentration at ions (lig. 6) for t, = 30 min. This was follow ed bv d
the surface (x' = 0) should be the same for both wave- second field-assisted diffusion for 30 min under the samlC
guides, namely. C,. regardless of the value of r. How%- field conditions now in pure sodium nitrate. The silver
ever, the SEM picture in Fig. 9 shows that the concentra- ions move deeper inside the glass substrate under the in-
tion on the surface in the case of diffusion with electric fluence of the applied electric field. In addition, the new
field is slightly higher. The explanation. we believe. lies boundary condition at the surface of the substrate, viz.
in the fact that the finite conductivity of the molten NaNO, that C, = 0, requires out-diffusion of silver ions as well.
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0. Skewed index proile of a buried waveguide fabricated by a t - Fig. 1I. Nearly symmetrical index profile of a buried wavecuide fabri-1s10.tSd expr o ure s acated by a two-step diffusion process-step diffusion process.

d perhaps sodium diffuses into the surface. As a result. ..- -

3uried waveguide is formed as shown in the SEM pho- -"
-raph of Fig. 10. Our initial analysis of experimental c. ,1- MF ----
ta indicates a net decrease, although quite small, in the E =a ,0V. - ..

ntent of A2' in the substrate. The buried waveguides . =O-MF- -
')ricated in this fashion exhibit skewed index profiles 8 ,=1oV / -

at are not compatible with optical fibers which have 5 =.0. 41

mnmetric index profiles. 8e=,ovmm =0

We have investigated the two-step diffusion process in 4 . ' 30 .0 50

:tail. We find that buried waveguides with nearly svm- I,(-,
ctric profiles can be fabricated by using either simple Fig. 12. Variation of diffuion depth %kith second step diffusion time in
0-field) or field-assisted diffusion in the first step, fol- two-step ditlusion process.
,wed by either a no-field or an appropriate field-assisted
iffusion in the second step.
The six parameters which control the dimensions and to1

ie index profile of a buried waveguides are given below. . "

tj = Time of diffusion in the first step (NaNO 3 + E

Ag). - . 1 0,
E = Applied field in the first step (NaNO, + Ag'). 7 .
t, = Time of diffusion in the second step (pure -E,=o

NaNO . t,=30.,.

E, = Applied field in the second step (pure NaNO,). 0 0 0 o 30 4o io
Co = Silver ion concentration in the bath. E,(VI,

T = Fabrication temperature in 'C Fig. 13. Variation o diffusion depth %ilth the applied held in second step

Diffusion time represents the total immersion time. It is in t.o-step dittusin process.
estimoted that the total warm-up and cool-down period is
not more than a few minutes. dition that Co = 0 now imposes at the surface during the

In the two-step diffusion process to fabricate symmet- second step. For C, = 10- MF and E, now set at 30 V.
rical, buried waveguides reported here. we have kept E, mim. similar W versus t, behavior (Fic. 12) is seen. How-
= 0 and f, = 30 min so that erfc profiles are obtained ever. for a given C,= I- MF and t, (30 init. inercas-
durin,- the first step. Fig. I I sho, s a SENI photograph of ins E) increases the width It ' httearl, as illustiatled in Fic.
the nearly symmtclrical profile for E, = 30 V/tom and r, 13. For E, between 5 and 50 V'/mm and t, = 30 min.
= 30 nin. The rest of the experiments were carried out 4,Et " varies between 2.3 and 23: therefore. for E, > 20
by keeping the field during the second step at E, = 10 V/ V/ram, the field is essentiall\ large enough to translate
mm for each C,(= 2 x 10 _. 10- NIF) and varying the the profile linearly deeper into the substrate. Analstical
duration 1, of the second step diflusion. Fig. 12 shows the study of the depth (if dIi fusion and the width of the buried.
effective width It', measured between I/e points from the diffused profile for the two-step process and its correlation
StEM photographs. Increasing t, increases the width al- with the experimental result are presently being pursued.
most in proportion to 1t for small concentrations, As the The SEM photograph in Fi,. 14 illustrates two buried
silver ions in the glass tend to drift further into the sub- waveguide samples epoxted face to face. For the sample
strate due to the field E,. they also tend to diffuse out as on the richt. E, = 10 V/mam. and for the one on the left.
well towards the surface because the new boundary con- E = 0. In both cases. t, = 30 min E, = 10 V/mm. and
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i an erfc profile, viz. erfc (x') for large E fields, the profile
can accurately be described by C/Co = erfc (x' - r)
where r is the ratio of 1AEt over 2srt. As long as r
2.5, the translation of the profile due to the presence of
the field is much larger than that due to self-diffusion. The
dominance of the field-assisted diffusion is illustrated by
the fact that the effective depth of diffusion W, defined as
the distance from the surface to the Ile concentration
point, however, equals AEt + 0.24 W0 . For large fields,
effective depth of diffusion W essentially varies linearly
with E and t. Although for large fields, the entire erfc
profile appears to be translated by MiEt from the surfacedue to the application of the field E, only the portion of

Fig. 14. Nearly symmetrical index profile of tio buried wa~eudes fab- the profile for x' > r (i.e., x -_! 1iEt) represents a com-
ricated without left) and with Iright) applied clectrid field in the first plementary error function with positive argument. Our
step. experimental results confirm the above predictions, and

from the data, the best fit yields a value of the mobility tLt~u=t30nmin.nAs beforeetrtoWe see an increased peak index of Ag in glass to be 15.55 Mm:/V •min. In addition, as

due to an increased concentration of silver ions at the sur- o g ngast e1.5g2V-mn nadto.a
freuwith the case when E was zero, the square root depen-
face with the presence of an electrical field during the first dence of the effective diffusion depth W on time r and thestep. As before, an increase in concentration at the glass linear dependence of W versus C, for low concentrations
surface occurs due to action of the field in the bath. (C0  5 0-3 MF) were observed. Co = 0-3 MF seems

to be the limit at which the diffusion coefficient of Ag
VI. CoXcLUSIoN into glass seem to saturate. Due to the presence of a local

In conclusion, we have presented a detailed stud\ of the electric field in the bath near the surface, the surface con-
Ag'-Na- exchange in soda-lime silicate glasses in a centration of Ag' increases with the applied E field.
molten bath containing a mixture of NaNOi and Ag> In- Finally, we have demonstrated a two-step diffusion pro-
formation on the index distribution in the glass substrate, cess where an initial surface waveguide formed with either
required for the design of optical waveguides, can be ob- E equal to zero or some finite value during the first step
tained by studying the Ag concentration profile. For low can be modified to yield a buried, symmetrical fiber-like
Ag' concentrations, this is a good approximation. profile by a second diffusion in a bath of pure sodium ni-

Concentration profiles C(x. t) obtained using backscat- trate. The effective depth of diffusion W measured be-
tered electrons in a SEM indicate that for low Ag- con- tween lie points of the peak value of the symmetric pro-
centration C, at the surface, the profile is given by the files varies as [ with E, = 0 and for any given C,), tl,
complementary error function. In fact. C(x., 1)ICo erfc and E. Moreover, IV, as before, varies linearly with E,
(x') where the normalized diffusion depth x' = x/lVW and (and probably with t,) when the field E, = 0 for a given
Wi = 2,vIt is the effective diffusion depth measured at C, t, and t, (or E2) As before, the peak of the buried
the point x' = I. Our experimental results, as evidenced concentration profile of the sample. fabricated under the
by erfc profiles for Ag diffusion without applied field in same conditions except with the field E, # 0, showed an
conjunction with the theoretical analysis, confirm the fact increase over that fabricated with E, = 0.
that for low concentrations (C,,. the nature of the diffu- The theoretical analysis [161 confirms our e (perimental
sion process-whether it is self-dilflusion of Ag- or Ag- results for diffusion with either no applied or very large
Na' exchange-is indistinguishable. From the experi- applied fields. For intermediate E fields. the estimated dif-
mental data. the sclf-diffusion coetficient D for Ag- in fusion depths are much larger than the measured values.
glass was determined to be 0.133 ,tm-'min for low Ag- This discrepancy needs further study of the diffusion
concentrations and increased linearly with C until it sat- mechanism.
urated at about 0.3 pmtimin. and this value did not vary
much with different substrates obtained frotn various yen- ACKNO\VI.DGMuNT
dors. In addition, the ellective diffusion depth IF varied
as the square root of difflusion time t, irrespccti\c of the The authors would like to thank Prof. P. Hollowav and
concentration Cf. However. monotonic increase of diffu- Prof. J. Hrcn for suggesting the backscattered electron
sion depth 1'with Ag concentration until C,)equa!s 10- technique for Ag concentration studies. We also ac-
MF is probably due to the glass reaching the Ag solu- knowledge the assistance of the Major Analytical Instru-
bility limit. and this behavior is prcscntl. being investi- mentation Center in the SENI analysis. The critical read-
gated. Further work is presently bemg undertaken in order ing of the manuscript by Prof. R. Srivastava anti Prof. T.
to better Understand the dillusion. J. Anderson has helped improve the clarity of the paper.

Application of an external field E during diffusion en- We are grateful to Dr. D. Ulrich for his continued support
hances the depth of diffusion. While torE = 0, we obtain of this work.
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The ion exchange process of silver in a AgNO 3-NaNO 3  When a soft glass, such as soda-lime-silica glass, is
melt for sodium in a soda-lime-silica glass was studied introduced into a salt melt containing monovalent
at 330'C as a function of melt mixing condition. cations such as Ag , these ions can exchange with
exchange time, and nelt composition. Using wet chem- mobile cations such as sodium in the glass' "I The
ical etching and atomic absorption spectroscopy, silver Ag*-Na' ion exchange process can be described by
concentration profiles in the glass were obtained for melt the chemical reaction
compositions in the range 1-9 x 10-' to 1"2 x 10-2  Ag + 4a+ _Ag+ + Na (1)
silver cation fraction. From the results of studies with=- rariable mnixing conditions and exchange times, melt where the bar indicates the cation in the glass phase.
vaibemxn-odtos n xhnetms nl In a liquid-solid exchange process, the rate of ion
mass transfer and kinetic limitations were found to be exchange proess therae of in
negligible. The 330C equilibrium isotherm was deter- exch ane an be limited by mass transfer of reactants
mined from the measured glass surface concentrations to and removal of products from the reaction interface
and could be described by a regular solution model in the in the melt, by the kinetics of the reaction at the
melt and a n type model in the glass. The silver self interface, and by diffusion and drift of cations in the
diffusion coefficient was obtained by a Matano- glass. In the absence of melt mass transfer and kinetic
Boltzmann procedure from the measured concentration limitations, the equilibrium state of Reaction (I) spec-profiles and a value 4"1 x 10'' cm:/s is reported, ifies the surface boundary condition of the glass

diffusion process. The cation exchange profile may be
controlled by manipulating this boundary condition,

Glass waveguides have recently generated consi- the cation transport properties in the glass, and the
derable interest as a possible basis for passive in- applied electric field.
tegrated optical devices: they are attractive because In soda-lime-silica glass, the extent of silver-
they can readily be coupled to an optical fibre and the sodium ion exchange strongly changes the refractive
substrate is inexpensive compared to other material index,"3 " 9'"" thus making it attractive for optical
candidates such as GaAs and LiNbO 3. Glass wave- waveguides. The ion exchange kinetics' 10 .1 2 11) and
guides are commonly fabricated with a field-assisted equilibrium condition 2 1 "25 of silver exchange have
ion exchange process between molten salt and been investigated for a variety of glasses but the
glass. ' Unlike LiNbO 3 waveguides, ion exchanged transport and thermodynamic properties depend on
glass waveguides cannot be tuned electrooptically to the specific exchange conditions and glass compo-
compensate for fabrication errors 9' and consequently, sition. In the present investigation the importance of
strict fabrication tolerances must be met to produce melt mass transfer limitations, the equilibrium iso-
useful devices. An understanding of the transport therm, and solid phase transport properties are inves-
phenomena and equilibrium chemistry would benefit tigated under processing conditions and with a glass
the development of improved process control composition that have been used to produce low loss
techniques. single mode waveguides."'2

Phi sirs and Chemisir) of Glasses Vol. 28 No. 5 Ocroher 1987
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Experimental procedure Results and discussion
The ion exchange of Ag + with Na* in soda-lime-
silica glass was investigated as a function of time, Rate limitation on the surface concentration

melt stirring condition, and melt composition for In order to ensure that the measured glass surface
AgNO 3-NaNO 3 molten salts dilute in silver. All concentration corresponds to the value in equilibrium
experiments were performed at 330 + 2°C for ex- with the melt at the overall liquid composition, the
change times in the range of 1-4 h and silver cation influence of liquid phase mass transfer or surface
fractions in the range of 1-90 x 10 -  to 1-20 x 10 -2 kinetic effects must be negligible. If the mass transport
(see Table 1). Fisher brand microscope slides were processes in the melt and glass are purely diffusional
used in this work, and the composition and density, then, for an infinite composite medium with constant
obtained from the manufacturer, are given in Table 2. diffusion coefficients, the quantity (C1/C,)(5,/D,)' 2
Precleaned slides were rinsed in deionised water, must be much smaller than unity for the concentration
allowed to dry, and placed in a sample holder prior to gradient in the melt to be negligible.271 Using the Ag *
each experiment. The salt mixture was prepared by tracer diffusion coefficient in NaNO 3 of Inman &
weighing between 400 and 600 g of NaNO3 and the Bockris'28 ) and the Ag + self-diffusion coefficient in
desired amount of AgNO3 . The vaiation of the melt soda-lime-silica glass and the distribution coefficient
composition as a result of the exchange process was determined in this study, the characteristic quantity is
never more than 2%. The bath, sample holder, and of the order of 0"1. Based on this estimate, diffusion
stirrers were constructed of aluminium: the thermo- limitations in the melt are not expected to dominate
couple sheath was stainless steel. the exchange rate. It is noted that the glass surface

After exchange the glass sample was removed from concentration is independent of time in this model and
the melt and allowed to cool, and subsequently decreases with increasing importance of diffusion
washed in deionised water to remove adsorbed salt. limitations in the melt. Another possible limitation on
The glass was then etched in steps in a 0'58 wt% HF the surface concentration is the presence of a re-
solution (a typical etch rate was 008 jim/min) and the sistance at or near the melt-glass interface (e.g. mass
resulting etch solution for each step was analysed for transfer, reaction). If the rate of this process is assumed
silver with a Perkin-Elmer model 280 atomic absorp- to be first order and characterised by a proportion-
tion spectrophotometer calibrated with standards of ality constant. o, the dimensionless variable a(t/Di)1 I
known concentration. The estimated precision of the should be large (> 10) to ensure that the measured
concentration is - 0-03 cation fraction and of the glass surface concentration corresponds to the value
depth is + 1.6 x 10-' cm. In this manner concen- in equilibrium with the bulk melt concentration. In
tration profiles were determined, this model the surface concentration is an increasing

function of time. Measurement of the surface con-
centration as a function of melt mixing conditions

Table 1. Summary of experimental conditions for ion should provide evidence on the existence of diffusional
exchange studies at 330 C or convective mass transfer (the value ofc is a function

of the mixing conditions) limitations. In addition,
Iime measurement of the surface concentration as a func-

Samp. N,. (h) Numher of stirrers tion of exchange time should indicate whether melt
A 190 X 10- i 0 depletion, convective mass transfer, or surface kinetic
B 1.90 ,,0 1 0 effects are important.
C 1-90 x i0" 1
D I90 x I0- I
E 1.90.10

-
1 I 2

F 1"90.10 "
' 3 _

G 190x10- 4 12

H 997 x 10- 4
I 197x I0

"3  
4 1 i-0 0

J 406 . 10
-
' 4 1 kI

K 8-03 . 10 4 I 1
L 120x10-: 4 1 08

Table 2. Chemical composition (wt%) of Fisher brand 0-.

glass slide: Density = 2-4667 g/cm3

Oxide <-

0 1 2 3 4 S 6 7 8 9 to
SiO2  7225 Dtwiarim u6. suram iii
Na 2O 1431
CaO 6.40 Figure I. Concentration profiles of silver from a silver utrate - sodium
AI ,0, 1.20
KO 1 20 nitrate melt into soda-lime-silica glass at 330 C for 60 mim:
MgO 430 N, = 19 x /0

-'

Fe1O, 0-03 V sample A A sample C 0 sample E
so, G30 0 sample B 0 sample D
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The influence of stirring rate and exchange time on is given by
the Ag*-Na exchange was studied for a Ag* melt a
cation fraction of 1-90 x 10 - '. This composition is the K - An I N N,% ' Ag (4)
lowest one examined and represents the composition aN. aAg dAg NAI i4
with the largest distribution coefficient. C-('C, and in which ai is the thermodynamic activity of compo-
therefore with the largest possible melt diffusional nent i and 7, is the liquid phase activity coefficient of i
limitation. Measured Ag' concentration profiles are where i is the mole fraction of NaNO3 or AgNO 3 in
illustrated in Figure I under conditions of no stirring the melt. Ni. Taking the reference state for the melt as
and with one or two stirrers placed in the molten salt the pure salt, the emf measurements of Laity' 29 ' at
bath for an exchange time of I h. It is observed that 330-C suggest regular solution behaviour with a value
the concentration profiles do not vary significantly as of the interaction energy, A. equal to 3515 J/mole. The
the mixing conditions are changed Concentration standard state selected for the solid exchanger is that
profiles were also measured for exchange times of 3 in which all of the exchangeable cations are of the ion
and 4 h with one stirrer in place. As shown in Table 3, of interest. A successful empirical relationship first
a slight decrease in the surface concentration was suggested by Rothmund & Kornfield 3 °' for the ratio
observed: this was within the experimental error of the of the actiities of the ions in a glass exchanger is
measurement and only a small portion of the decrease - /
is attributable to melt depletion. It can be concluded ill, = NA (5)
from these results that the dominant resistance in the a NN /
exchange process is cation transport in the glass. where 1V' is the cation mole fraction. Garrels &

Christ " " have shown that this empirical relationship
ion exchange equilihrium is equivalent to regular solution theory fo interme-

The surface concentration of Ag* in soda-lime-silica diate glass compositions. Substitution of the regularThe urfce oncntrtio of g in odalim-siica solution expressions for the melt component activity
glass was determined for each sample listed in Table 1 coefficients and the ratio of the component activities
by extrapolation of the measured concentration pro- in the glass into Equation (4) gives

files: this was performed by normalising the data for

silver concentration in the glass. C,,, against depth ( N. ) + A
with an arbitrary concentration. C,, The normalised In I (I - 2Na,)
concentration was equated to the normal probability
distribution it In (\ - -In K. (6)

CA,
- = prob(:) 2'r exp( -

2 2) d. (2) If the assumption of regular solution behaviour in

both solutions is valid, a plot of the left hand side of
which is related to the error function by Equation (6) against In(I - A,)' ,V,] should yield a

straight line with slope equal to n and intercept equal
erflz) = 2 prob Z\,/ 2)- 1. (3) to ln)I K). This type of plot is illustrated in Figure 2
The extrapolation of the data for C, against depth in and it appears to be linear to within experimental
probability coordinates is convenient because the error with a least squares value of n equal to 1"49 and
proabilityed codinat es is o nvntabe us e hee- K equal to 75. Thus. the partitioning of silver ions
transformed data are more adaptable to simple repre between the nitrate melt and the soda-lime-silica glass
sentationis nonlinear in the composition range studied.
sections of data with an approximately constant
interdiffusion coefficient are linear). The extrapolated
silver surface cation fractions and bulk melt cation
fractions are summarised in Table 3. -4.

The equilibrium constant for the exchange reaction
4 So

Table 3. Extrapolated Ag' surface concentrations

.Sump[, N , sl"'a .

A 190. 0- 0-0837
B 190 10 00793
C I 90 X 0

-  
0-0973 70-

D [9(i . 0- 00918
E 1.90. to-, 00857 7 s I

1 90 . 10' 00797
G 190 10- 0-0744
II 997 . 10

-
1 0,231 3o 0 20 IA Io 5 ( o.

1 197 . 10- 0339 I ,
j 406 . 10 ' 0444
K 803 . to- 0"547 Figure 2. Tes of melt regular solution and glass n it'pe behaviiur for
L 120 t0 0527 Ag -Na exchange in soda-lime-silica glass
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The results of these equilibrium studies are com- centrations in the bulk melt. This process is character
pared in Figure 3 to the smoothed measurements of ised by a concentration dependent interdiffusioi
Schulze 231 in a soda-lime-silica glass of wt% compo- coefficient' '"
sition 69SiO,, 15.2Na,O, 3.6K,O, 7"4CaO, 4"4AI,0 3, DAD, tIn7,
0"4Fe2 0 3, 0'4MgO. Using the same regular solution DAB = {7
description of the melt, the values of n and K derived INADA + ND, IlnC,

from the data of Schulze are reported to be 1.08 and where DA and DH are the cation self-diffusion coelfi
120. Figure 3 also shows the 315'C equilibrium results cients and may also be a function of composition
of Stewart & Laybourn (z25  determined on a type of With the solution model of Rothmund & Kornfield"3

glass similar to that studied in this work; the reported the thermodynamic factor. Jlnd, [-InC,, has a valu(
values of n and K are 1.32 and 131. The value of it equal to n.
determined in this study indicates larger positive Values of the interdiffusion coefficient were evalu
deviations from ideal solution behaviour than sug- ated numerically from the measured silver ion concen-
gested by either Schulze or Stewart & Laybourn and is tration using the Matano-Boltzmann method.'2 " All
close to the value of 1.4 reported by Garfinke, 22 1 for a slopes were measured from data smoothed by map-
sodium borosilicate glass. The reason for the dif- ping it into probability coordinates and all calculation
ference in the values of this exponent is not clear, but is were performed in double precision to minimise round-
probably related to differences in either glass compo- off error. The concentration profiles were extrapolated
sition or structure. The value of the temperature beyond the largest measured depth by assuming that
dependent equilibrium constant is in fair agreement the interdiffusion coefficient was constant in thi.s
with the results of Schulze and Stewart & Laybourn as dilute region (i.e. D.,R. N. = D ,. = constant).
well as those of Doremus"21t for the high silica phase From the definition of cation mole fraction.
of two-phase Pyrex. The results of this work suggest a Equation (7) .an be rearranged to Live
large value for the silver partition coefficient, similar
to the values determined by silver ion tracer diffusion + GL -(Dl 1
studies in soda-lime--silica glass (N,,N = 200)101 DAB D, +  D/I
and sodium borosilicate glass (, Ag, "a = 500).221 If the self-diffusion coetlicients are independent ot

composition, a plot of nDa.,, against .\ . should
0,4 produce a straight line with an intercept of I D,.. and

-. slope of - [ IiD,.) - lID\,. )]. Shown in Figure 4 i.s
-0,7- a plot of the reciprocal interdiffusion coefficient cal-

I culated by the above procedure against the silsei
LM -cation fraction for the three highest Ag ion melt

concentrations studied. It is seen that a linear relation-
ship is foilowed at high Ag ' glass concentrations but
deviations from a straight line are found at low Ag

./I concentrations, such that a maximum in it D,,. ., is
produced. An extremum in the calculated interdiffu-']sion coefficient against N,, was also reported b

03 Fainaro et al. ,2 for several concentration profiles

02 4
0 4 6

'q ." 1 0 , 
E

Figure 3. Parttioning oJ surer between a slh'er nitrate - sodium -

nitrate nielt and soda-lame-silica g'lass at 330' C 4
calculated isotherm with n = 149 and K = 75
calculated isotherm with n = 108 and K 120 from a
reduction of the measurements of SchuIze'2 ' 4 !\ 4

. . - calculated isotherm with n= 132 and K = 131 from /

measurements of Stewart & Labourn' I
lnterdiffitsion-
Under the experimental conditions of this study the 11 ,,, 0 t,

ion exchange process consists of the inward diffusion
of Ag * and an equal flux of Na * in the opposite I'iure 4. I.nter,husion oec ii al'cl zhulatd h% the Alatano-

direction, the Ag* and Na* surface concentrations Bolt:mann procedure as a tunctul ot silver cation traction at 330 C

being constant and in equilibrium with the ion con- sample J sample K sample L
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measured in soda-lime-silica and alkali aluminosili- applied to both phases. With the AgNO 3-NaNO,
cate glasses. An extremum in the value of D,. n. asa melt interaction energy, A, fixed at the previously
function of cation fraction is consistent with the measured value of 3515 kJ'mole.2 9 l the value of the
presence of a mixed alkali effect 33 which involves a glass cation solution model parameter, n, was deter-
dramatic change in transport properties as the alkali mined to be 1-49 the corresponding value of the
composition is varied in the glass. With respect to ion equilibrium constant for the exchange reaction. K.
diffusion coefficients in binary alkali glasses, the diffu- was 75. From an analysis of the concentration profiles.
sion coefficient of alkali ion A is found to decrease as the values of the silver and sodium cation diffusion
the glass composition changes from pure A to pure coefficients were estimated as
alkali B. Furthermore, the value of the diffusion
coefficient of the trace ion in a pure glass is always DA. 41 × 10-ti cm 2 s
smaller than the value of the self-diffusion coefficient and
of the pure element. This behaviour gives an extremum
in the value of DA.B. at an intermediate alkali Dn. = [6 × l0- i t cm 2 's.
composition. In addition, the diffusing ion with the
lowest mobility changes from ion A to ion B at a Acknowledgements
specific glass composition. The authors are grateful to L. E. Johns and R. Sn-
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Abstract

The equilibrium study of the Na+ - Ag + exchange process at Ag NO3 +

Na NO3 melt-glass interface explains the strong dependence of the surface

index change on the low silver concentration in the melt used for fabricating

single-mode waveguides.
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The binary Ag + - Na + exchange has been widely used for fabrication of

planar and channel waveguides generally using pure Ag NO3 melt. The single-
mode waveguides thus obtained [1] have large surface index change

(A n - 0.1) , show larg-e scattering losses, are incompatible with fiber-core
dimensions, and their characteristics are not reproducible to desired

accuracy. _To cir umvent these problems, low melt concentrations of silver

(N bA t0 n i0 molar fractions where Ng CA /(CA + CNa) and Ci is the
bs te concentra o f ctio n i) in Na NO 3  h been used 2-41.
However, at low concentrations, -n is a very strong function of NA [4]

saturating at - 0. 1 for pure Ag NO3 melts in most soda-lime glasses. Tince
for fiber compatible single-mode guides, NAg - 10 - MF, this strong dependence

of An on NAg calls for a precise control of NA and its understanding via a

detailed study of the transport phenomena and thermodynamical equilibrium
between the melt and glass phases. While such a study has been reported

[2,3,5] for N > 10 -, the results are not applicable to the low
concentrations involved in the fabrication of single-mode waveguides. Besides,

the results are likely to depend on the processing temperature and the
substrate glass. Moreover, since the concentration profile depends on the
interdiffusion coefficient which is concentration independent only if the
silver concentration in glass is very small, a knowledge of its dependence on
N. will p rit the solotion ,f tc diffusion equation with concentration-

dependent interdiffusion coefficient [2].

In the present invesrt :lti:, t-i importance of melt transfer limitations
and the equilibriu:n isotherm, are in,:e stiigated kinder process conlditiolls with a

glass composition that hav' been used quccess i f1ulv to produce low- loss singi'c-
mo (- waveiuides with high re:rxd ibiIitv. The experiments were carr ed out
by imnmersing the g,, is sbstrotes in mlten :it mixture it 33V' C ml
measuring the resulti :i, sil.er -oncentratlon protile is . tunction of ti7e,
melt-stirrilo contit; n in: the -nelt composition. The glass .As etched I

~' - zu. ~goi:nsi ri was lll!Vled for s;ilver withn atntc
absorption Tpctrphutmtctr• Th concentration prntiles wore il: 2l;a;) rd
tndependentiv 'v ,t; iily ing the ck-sc ttered electrons in .i cotnni >ig l]d ron
microscope, aId tI,, ,i-cn e.i ,..i:1 turface- index chal e ,n was derived bv
correl:itlug to, m,,sired I2tIt0 indites to those calculated thertic tll fr

t!., I):-crr cllclltrit i l pro:i ,, [4]. Fi,. I sIh,,:s the silver , nc,,Itr it , ,
it t lo ss stir,ice ,lnt th, ,.ird Intt x (hOltn e An tor var i stls volt1es or
N ,

~i •



The Ag+ - Na+ ion-exchange process can be described [5] by the following

chemical reaction Ag + + Na + 
. Ag+ + Na+  (i)

where the bar indicates the cation in the glass phase. In such a liquid-solid

exchange process, the rate of ion exchange can be limited by the following
processes:
(i) The mass transfer of the reactants to and removal of the products from
the reaction interface in the melt.
(ii) The kinetics of the reaction at the interface.
(iii) The cation transport (diffusion) in the glass.

In order to ensure that the measured glass surface concentration

corresponds to the value in equilibrium with the melt, the effects of (i) and
(ii) must be negligible. That this was the case in our experiments was borne
out from the following considerations: Firstly, stirring tie melt did not
alter the index nhange or the profile. Secondly the quantity

(N. IN ) (D ID A )C 12 was sufficiently small [6] to impose any significant
11 Di.ati ns h L6 the diffusion process in Lhe melt for the values of NAg

studied (2 x 10 - - 1 x 10- 2 MF). D here denotes the self-diffusion
coefficient. Furthermore, for large diffusion times (3-4 hours), there is no
measurable decrease in the surface concentration attributable to melt
depletion. In addition, An is independent of time of diffusion, even for
diffusion time of the order of a few minutes. These results indicate that the
dominant resistance in the exchange process is the cation transport

(diffusion) in the glass.

The equilibrium constant for the exchange reaction is given by

K = YNa NNa AYAg NAg aNa where ai is the thermodynamic activity of
component i an yi is its activity coefficient at mole fraction N in the
melt. The ratio of the two activity coefficients in the melt can be described

by_ regular solution theory and in the glass by an n-type behaviour, i.e.,
(a /a ) = (N /N )N . These considerations yield a relation between NAg

and''Ag in the Mrm 5]
NA _ A:

Zn "A + (1-2 Ng) n in - Zn KI-N RT Ag
Ag -

The above relation is shown as the straight-line plot:kf Fig. 2 with A = 3515
J/mole' The slope gives n = 1.49 and the intercept gives K = 75 for the soda-
lime glass used. These values are similar to those reported by other authors
[2,5] for various glasses. The large value of the equilibrium constant is
thus responsible for the larg4e ratio NA /N . These results justify the
assumption of concentration independent Vte liffusion coefficient and the
resulting erfc index profiles o-7lv for very small melt concentrations

(N < 10 MF) . Fo r N o L - MF tne irterdiffusion coefficient is
concentration dependent and the resultiniz index profilo'4 deviate sibstntia.lv
from erfc.

This w'ork was supported hv rooltr ct no. t4-, 39 from AFOSR.
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We have performed detailed studies of the ion-exchange process at the AgNO 3

+ NaNO 3 melt-glass interface. The results indicate that at the processing

temperature (330'C), for dilute concentration of Ag+ , variable mixing

conditions, mass transfer (diffusion or convection in the melt) or the

kinetics at the liquid-solid interface do not influence the exchange process

significantly. As a result of the equilibrium condition at the interface, the

concentration of silver at the glass surface is orders of magnitude higher

than that in the melt and for low concentration (< 10-4 mole fraction), the

dopant profile (and hence the refractive index profile) is primarily

determined by the diffusion of silver ions in the glass matrix. However, fur

large concentrations, the diffusion coefficient is concentration dependent and

therefore varies as a function of positon inside the glass. It appears that

the exchange process can be best described by equilibriun at the melt-glass

interface with a regular solution theory in the melt and an n-type behavior of

the thermodynamical activities of the ions in the glass and by the diffusion

limited transport in the glass.
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INTRODUCTION

The ion-exchange technique, which has been used for more than a century to

produce tinted glass, has received increased attention in recent years because

it has been found to improve the surface-mechanical properties of glass [I

and, more importantly, to introduce a gradient index in the glass. The

technique has been successfully used in manufacturing low-loss optical fibers,

gradient-index optical components for imaging applications, and, more

recently, in the fabrication of planar and channel waveguides in glass

susbstrates for application in integrated optics. Optical waveguides in gass

substrates are fabricated by creating a layer of higher refractive index near

the surface of the substrate. This is normally accomplished by diffusion of

monovalent ions of higher polarizability e.g., Cs+ , Rb+ , K+ , Ag+ , or Tl+ into

the glass matrix where they exchange with Na+ or K+ ions. Besides the

polarizability of the ions, the net index change also depends on the

difference in the sizes of the two exchanging ions, the accompanying change in

the polarizability of the oxygen ions, and formation of any elastic stress in

the glass. Of the various monovalent ions exchanged in soda-lime glass by

diffusion, the binary exchange of Ag+ - Na+ is by far the most researched

technique E2,3,43. Ahen pure AgNO 3 melt is used for the exchange process,

large surface index changes (An - 0.1) are obtained wnicn have some

disadvantages: a larger silver concentration causes coloring due to silver

reduction ; secondly, the single-mode waveguides thus made are shallow and the

field distribution of L-c guided mode is not compatible with that of the

conventional optical fibers. Moreover, the time of diffusion involved is

rather short, thereby causing uncertainty and lack of reproducibility in the

waveguide characteristics. Dilute melts of mixtures of AgNO 3 and NaNO 3 allow

achievement of lower An and more controllable diffusion times with fiber

compatible waveguides [4]. It is known [5] that a very low ionic

concentration of silver in the NaNO 3 melt (NAg - 10- 4 mole fractions) is

necessary to obtain the desired single-mode waveguides. Moreover, unlike the

case of K+ - Na+ ion exchange where the surface-index change (An) depends

linearly on the concentration of K+ ions in the KNO 3 + NaNO 3 melt [6], in the

case of Ag+ - Na+ exchange An is found to be highly nonlinear function of

the silver ion melt concentration even at such low concentrations [1]. Since

An is expected to he a linear fmction of the concentration of silver ions in

the glass matrix [7], it is necessary to understind how the silver ion intake
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by the glass is affected by the ion-exchange parameters, namely the melt

concentration , the time and other boundary conditions such as the stirring of

the melt. An ion-exchange equilibrium study would thus not only provide the

correlation between the measured index change and the melt concentration, but

also permit determination of the boundary conditions for solution of the

diffusion equation to calculate the index profile. In particular, it will

demonstrate to what extent the general assumption that the interdiffusion

coefficient is concentration independent, is valid.

Previous studies of ion-exchange equilibrium in glasses include the early

work of Schulze [8] and later the pioneering work of Garfinkel [6] involving

many different cation pairs. In both these studies, the silver cation

concentration was relatively large (NAg > 0.1), More recently, Stewart and

Laybourn [3] reported a study of Ag+ - Na+ exchange at very low concentrations

( NAy - 10-4 ) required for fabrication of single-mode waveguides. However,

the information on the surface concentration of Ag+ in glass was obtained

indirectly by optical measurements on the waveguides. There are two

drawbacks in such a method; first, the WKB method employed to determine the

mode indices is subject to error in some cases and second, the assumption that

in the case of pure AgNO 3 melt, all the surface Na+ ions in glass are

substituted for Ag+ ions, may not necessarily be valid. In this work we

measure absolute concentration of Ag+ ions in a soda-lime glass which we have

successfully used to fabricate glass waveguides of desired and reproducible

characteristics [5].

THEORY

Upon immersion of the glass substrate in the salt solution, silver is

driven into the glass by an interphase chemical potential gradient C9].

However, because Ag+ is a monovalont cation, an equivalent amount of charge,

i.e., a Na+ ion, is transported in the opposite direction to preserve charge

neutrality. The Ag+ - Na+ binary exchange process can be described [6] by the

following chemical reaction:

Ag +  a += + Na+ , ()

where the bar indicates the cations in the glass phase. In a liquid-solid

phase exchange process, the rate of ion exchange may be limited by the
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following processes:

(i) The mass transfer of reactants to and removal of products from the

reaction interface in the melt.

(ii) The kinetics of the reaction at the interface.

(iii) The transport of ions in the glass phase.

The transfer of cations in the melt takes place via diffusion and

convection. For diffusion to be the limiting process in the melt, Crank [101

has shown that the important parameter is

Ng 2
NAg

where NAg denotes the silver concentration and N the self-diffusion

coefficient. If this parameter is greater than about 10, the rate is not

mass-transfer limited in the melt. Under the experimental conditions used in

this study, this indeed was the case.

Convection in the melt can be altered via stirring the melt and its

influence on the mass transfer can be minimized. The kinetics of the reaction

is expected to be rather fast and the most important limiting factor thus is

the transport of Ag+ ions in the glass. This transport occurs via diffusion

and the equilibrian state of reaction (1) specifies the surface boundary

condition for this diffusion process. Control of the surface-index change or

the cation exchange profile in glass is affected by Tanipulating this boundary

condition and the cation transport properties in the glass.

We define the equilibrium constant for reaction (1) as

a A a a (2)

a Na a g

Where the a's are the ther'odynami1c activities of the ions. The absolute

value of K depends upon the reference 'unctions and states chosen to define

the activities. For molten salts, the reference stite is normally chosen such
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that the activity coefficient of the ion approaches its mole fraction N in the

pure state. The reference state for the glass phase is taken as that in which

all of the exchangeable cations are of the species in question. The ratio of

the activity coefficients in the molten salt can be represented by the Regular

Solution Theory [111

In ( Ag n " 1 g ANI Ng3

aNa N Na RT N a

Where A is the net interaction energy which is assumed to be independent of

temperature and melt composition. The measurements of Laity C121 at 3300 C

suggest the value of A equal to 3515 J/mole for the AgNO3 + NaNO 3 melt.

The ratio of the activities in glass is represented by the n-type behavior

first suggested by Rothmund and Kornfeld [13],

a na Ag N A ) (4)

Na Na

Garrel and Christ [14] have shown that this empirical relationship is

equivalent to regular solution theory for intermediate glass compositions.

Substitution of the ratios of the activities in (2) gives
ln NA.ANA(5

+ -L (1 - 2 NA) = nln( - Nff ) - InK (5)
Ag 1 - NAg

If the models for the activity coefficients in the two phases are valid, a

plot of the left hand side of (5) versus

N

1 - NAg

should yield a straight line with slope equal to n and intercept equal to

In(1/K).

EXPERIMENTAL PROCEDURE

The ion exchange of Ag+ with ;a + in soda-lime silicate glass was carried

out at 330'C as a function of tilne, melt composition of AyNO 3 + NaNO 3 molten

salts, and melt stirring conditions.

A summary of the experimental conditions is given in Table 1. The
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composition and density of the soda-lime glass used in the experiments is

given in Table 2. Precleaned glass slides were rinsed in de-ionized water,

allowed to dry and then placed in a sample holder prior to each experiment.

The bath, sample holder and stirrers were all constructed of aluminum. The

temperature was controlled to ± 20C and monitored ny a thermocouple with

stainless steel sheath.

After exchange the glass sample was renoved from the melt and allowed to

cool. It was then washed in de-ionized water to remove absorbed salt. The

glass was then etched in steps in a 0.58 wt. percent HF solution. The

resulting etch solution for each step was analyzed for silver in Perkin-Elmer

Model 280 atomic absorption spectrophotometer calibrated with standards of

known concentration. The estimated precision of the concentration is ± 0.3

cation fraction and of the depth is ± 1.6 x 10-6 cn. In this manner

concentration profiles of silver in the glass matrix were determined.

RESULTS AND DISCUSSION

Fig. 1 shows the measured concentration profiles for the samples listed in

Table 1. The surface concentration of Aq+ in glass was determined by

extrapolation of the measured concentration profile. Extrapolation was

perforned by fitting the profile by complimentary error function, viz:

NAg(x) = NAg(X = 0) erfc (x/ 2V-[it)

~2
where erfc (z) = 2 e

V 1T Z

Here t is the diffusion time. The assumption of the erfc profile is based on

the solution of the one-dimensional diffusion equation with time-independent

boundary condition at the glass-mnelt interface [10]. The fact that the

profile frr a given melt concentration does not depend on the stirring

condition suggests that the ion-exchange process is not mass transfer limited

in the melt. The extrapolated silver cation fractions and the corresponding

melt cation fractions are summnarized in Table 3. The dati of Table 3 are

plotted in Fig. 2 and as expected according to (5) the plot appears to be

linear to within experimental error ,itt a least squares value of n equal to

1.49 and K equal to 75. Thus, the partitioning of silver ions between the

nitrate melt and soda-lime silicate gloss is nonlinear in the composition
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range studied.

The results of these equiliorium studies are compared in Fig. 3 to the

smoothed measurements of Schulze [8] in a soda-lime silicate glass. Using the

same regular solution description of the melt, the values of n and K derived

from the data of Schulze [8] are reported to be 1.08 and 120. Figure 3 also

shows the 315 0 C equilibrium results of Stewart and Laybourn [3] determined in

a similar type glass as studied in this work. The reported values of n and K

are 1.32 and 131. The value of n reported in this work is close to the value

of 1.4 reported by Garfinkel [6] in soda-lime borosilicate glass. The reason

for the differences in the values of the exponent is probably related to

differences in glass composition and /or structure. The value of the

temperature dependent equilibrium constant is in fair agreement with the

results of Schulze [8] and Stewart and Laybourn [3], and the results of

Doremus [15] in the high silica phase of two-phase pyrex. The results of our

work suggest a large value of the silver partition coefficient whicn is

similar to the values determined by silver ion tracer diffusion studies in

soda-lime glass [9].

CONCLUSI ON

Concentration profiles of silver in an ion-exchanged soda-lime silicate

glass were measured by atomic absorption spectroscopy for various values of

exchange time, molten salt mixing condition and melt composition. No melt

mass transfer or surface reaction limitation on the exchange rate could be

ascertained from the measured results. Thus, the measured surface

concentration represents values which are in equilibrium with the "nelt. The

330'C isotherm is described with a regular solution model applied to the

activities of the cations in the melt and an n-type behavior in the glass

phase. With the AgNO3 + NaNO 3 melt interaction energy fixed at the previously

measured val,13 of 3515J/mole, the value of n was determined to be 1.49. the

corresponding value of the equilibrium constant for the exchange reaction was

K=75. The results explain the nonlinear dependence of the surface index

change with the melt concentration of the silver ions at such low

concentrations.
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LIST OF FIGURES

Figure 1.

Concentration profiles of silver from a silver nitrate-sodium nitrate

melt into soda-lime silicate galss at 3300 for 60 in. NAg = 1.9 x 10-4;

V -sample A, E -sample B, A -sample C, <> -sample 0, o-sample E.

Figure 2.

Test of melt regular solution and glass n-type behavior for Ag+-Na +

exchange in soda-lime silicate glass.

Figuire 3.

Partitioning of silver between silver nitrate-sodium nitrate melt and

soda-lime silicate glass at 330'C. - calculated isotherm with n = 1.49

and K = 75; - - - - calculated isotherm with n 1.08 and K = 120 from

reduction of measurements of Schulze [8] - - - - calculated

isotherm with n = 1.32 and K = 131 from measurement of Ste.'art and

Laybourn [3].
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Thdole 1.Summary of exper 'nenr 'l cprtd.;ins for lon-excr-ange

studies at _ 300C

SaiP I e 7 :1 Nuoer o' 51.lrrrs

A 1 .90 x "0-4 0

B 1 .90 x '101 0

C 1.90 x I 0- I

D 1.90 x 0' 1 1

E1.90 x I 0 -La 1

F .10 x ' -3

G 1 .90 x 40

H 9 . 17 x 7 - 4

I 1.97 x 1034 1

J4.06 x 10- 4 1

K8.03 x 10-3 '4 1

L 1.20 x 10-2 '4
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Table 2. CL r .xcl omposition of Fischer branZ giaas s ,r (nole I)

Ox t ... gn T

SiO 2  72.25

Na2 O 1 4.31

CaO 6.40

A1203  1 .20

K2 0 1 .20

.. go 4.30

FeO 3  0.03

so3  0.30

Density = 2.46668 g/cma
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Table 3. Extrapo aceo Ag surface concentaz--z~cs

S ajAg 'NAg

A 1.90 x 10-4 0.0837

B 1.90 x 10-4  0.0793

C 1.90 x 10-4  
00973

D 1.90 x 10- 4  0.0918

E 1.90 \ 10-4 0.0857

F 1.90 x 10" 0.0797

G 1.90 x "o-4  0.074U

H 9.97 x 10- 4  0.231

1 1.97 x 10- 3  0.339

J 4.06 x 10- 3  0.L

K 1 C>K, -'n 3 :x 10-3 .51

L 1.20 x 1n-2 0.527

188

nip



Concentration of Silver (mole/I)

0
00

0J

0189

0()
*c®

0

189



-3.5

0

- 4.0

I0

-4.5

g -5.0

-6.0

7.o

.0

00 0

-3.0 -2.5 -2.0 -1.5 - 0.5 0.0 0.5

In (N Ag /-Aq)

190



0 .7- 
-

0.6 
-

0.5

Ntg 0.4

0.3

0.0
024 6 80 12

191



REFERENCE [14]

Influence of Ag+ - Na+ Ion-Exchange Lquilibrium

On Waveguide Index Profiles

R. V. Ramaswamy, R. Srivastava, P. Chludzinski*

and T. J. Anderson*

Department of Electrical Engineering
University of Florida,

Gainesville, Florida 32611

Corning Glass Works, Wilmington, N. C.

Department of Chemical Engineering

University of Florida, Gainesville, FL 32611

192



Abstract

The Ag+-Na+ ion-exchange process in a soda-lime silicate glass was

studied at 3300 as a function of composition of AgN03-NaNO 3 melt, mixing

condition and exchange time. The concentration profile of silver in glass was

measured 'y atomic absorption spectroscopy and SEM technique. The surface

index change and the index profile were determined from mode index

measurement. An excellent correlation between the index profile and diffusion

profile was observed and an empirical linear relation between the surface-

silver concentration and the surface-index change was obtained. Ion-exchange

was modeled by an ion diffusion limited process in the glass with an

equilibrium chemical reaction at the melt-glass interface. A large value of

75 for the equilibrium constant at low silver melt concentrations (<10 - 2 mole

fractions) shows that uptake of silver in glass varies in highly nonlinear

fashion with the melt concentration. The results provide boundary conditions

necessary for solution of the diffusion equation and design of single-mode

waveguides.
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I. Introduction

The binary exchange between Ag+ and Na+ ions in soda-lime glass has been

successfully used by many researchers to fabricate passive waveguide

components for applications in optical signal processing and sensors [1-10].

Basically, there are two approaches to waveguide formation by ion-exchange.

In one method [7,8], a silver film is first deposited on a glass surface.

Then ion exchange between Ag+ and Na+ is effected at elevated temperature by

field-assisted diffusion. Experimentally it is found that an external

electric field is necessary for ion-exchange to occur from a metal film. In

an alternative and widely studied approach [1-6], a glass substrate is

immersed in a binary molten salt bath of silver and sodium nitrate. When pure

AgN0 3 melt is used, large surface index changes ( An-0.1 ) are obtained

associated with the large silver concentration in the glass matrix which

causes scattering and absorption. Both these mechanisms are caused by

reduction of silver to the zero oxidation state [6].

Single-mode waveguides made by both processes are shallow, and the mode-

field distribution is not compatible with that of conventional single-mode

fibers. In addition, ion-exchange times usually are relatively short (- few

minutes), thus producing uncertainty and irreproducibility in the waveguide

characteristics. In order to circumvent these problems, very dilute

concentrations of Ag+ ions in NaNO 3 have been used. These low concentrations

are achieved either by using an initial molten salt composition dilute in

AgNO 3 [3,4,9] or by releasing silver ions electrolytically from a pure silver

cathode into an Intially pure NaNO 3 melt [101. The surface index change and

the index profile depend strongly upon the silver concentration in the melt.

A very low silver concentration, NAg, in the NaNO 3 melt (- 10- 4 mole

fraction) is necessary to obtain the desired single-rmode-waveguides [91. The
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electrolytic release technique allows on-line control of melt Ag+

concentration and therefore control of the index profile. As the surface-

index change is expected to be a linear Lunction of the concentration of

silver ions in the glass [111, it is necessary to understand how the silver

ion intake by the glass is affected by the process parameters in the ion-

exchange technique (e.g., melt Ag+ concentration, exchange time, temperature,

melt mixing condition). In particular, knowledge of the Ag+-Na+ ion-exchange

equilibrium isotherm is necessary to establish the correct boundary condition

for solution of the diffusion equation. The calculated concentration profile

in the glass is directly related to the index profile which can be verified by

optical measurements or analysis of back-scattered electrons in a scanning

electron microscope (SEM) [12]. In this way, the validity of assuming a

constant interdiffusion coefficient can be checked [3,121.

Previous studies of ion-exchange equilibrium in glasses include the early

work of Schulze [131 and later, the pioneering work of Garfinkel [141

involving several cation pairs. In both these studies, the silver cation

concentration was relatively large (NAg > 0.1). More recently, Stewart and

Laybourn [31 reported a study of Ag+ - Na+ exchange in the concentration range

required for fabrication of single-mode waveguides ( Ng 10-  ) The Ag+

surface concentration in glass was obtained indirectly by optical measurements

on fabricated waveguides. There are, however, two disadvantages in this

method of determining surface concentration. First, the '4KB method employed

to determine the mode indices is subject to error under conditions where the

waveguide supports only one or two modes. Also, the assumption of complete

ion-exchange (all surface Na+ ions in glass are substituted for Ag ions) may

not be valid. For example, in the case of K+-Na+ exchange from pure KNO 3

melts, only 90% of Na+ sites at the glass surface are-replacedhyAK + [15]. In
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this work, the absolute concentration of Ag+ ions in a soda-lime glass was

measured by atomic absorption spectrometry (AA) for glass compositions that

have been used to successfully fabricate glass waveguides of desired and

reproducible characteristics [9,10,12,16]. The measured surface-silver

concentration has been related to the surface index change (An) derived from

the mode indices.

II. Theory:

A. The Diffusion Equation

The time dependent one- dimensional continuity equation for Ag+, can be

written as [171:

3x (1)

- C~g in thegl-ss-phase

where N Cg Ag is the mole fraction of Ag+ in the lass phase,
Ag

CNa + CAg

Ci is the molar concentration of ion i, and D is the interdiffusion

coefficient given by [131:
D DA , D' a

n, (2)Al D + t -DAg DAg a Na

In this expression, Di is the tracer diffusion coefficient for ion i in the

glass (self-diffusion coefficient) of the respective ion. The coefficient n

is related to the concentration derivative of the Ag+ activity in the glass

(see Section II 3).

In the case that DAg = DNa or NAg << 1, the interdiffusion

coefficient D is directly proportional to the self-diffuoion coefficient of

silver, D Ag Thus, under conditions of low silver concentration in the

glass, DAg is expected to be approximately constant andthe assumption of a
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concentration independent interdiffusion coefficient is valid. As previously

mentioned, one of the objectives of this study was to determine diffused Ag+

concentration profiles produced under typical process conditions and thus

identify the concentration range for which the above assumption is valid.

With the assumption that b is independent of N g equation (1) reduces to

22
3N 32

ac - nD AS • (3)

With the initial and the boundary conditions.

NAg (x,0 = 0 at x ., 0

K (0,t) = N = constant
Ag A9

N~ (=,t) = 0,

Ag 0

the solution to equation (3) is [171:

N A (x t) = 0NA erfe (x/Wo), (4)

where W = 2/t 2n-D t (5)
0=Ag

B. Ion-Exchange Equilibrium

Upon immersion of the glass substrate in the salt solution, Ag+ is driven into

the glass by an interphase chemical potential ;radlent [13]. To preserve

charge neutrality, an equivalent amount of charge (i.e., Na+ ) is transported

in the opposite direction. The Ag+ - Na+ binary exchange process can be

described (141 by the following chemical reaction:
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+ + Ag + ',+a (6)
Ag + Na+  g+ ,

where the bar indicates cations in the glass phase. In a liquid-solid phase

exchange process, the rate of ion exchange unay be limited by the following

processes:

(i) Mass transfer of reactants to and removal of products from the

reaction interface in the melt.

(ii) Kinetics of the reaction at the Interface.

(iii) Transport of ions in the glass phase.

Transfer of cations in the melt can take place by diffusion and

convection (natural or forced). Natural convection is driven by density

variations and is not expected to be a dominant mechanis., because of

isothermal operation and small exchange amounts. By proper arrangement of tha

exchange geometry (horizonal placement of the glass at the top of the melt)

solutal-driven natural convection can be eliminated. Forced convection can

have a significant effect on ion transport in the bath melt. A hydrodynamic

boundary layer, however, will develop near the solid surface; the extent of

the boundary laye2r depending on the geometry. Ion diffusion is the mechanism

of transport in a stagnant melt or across a stagnant boundary layer. For an

infinite composite medium, Crank [171 gives the concentration in the melt as

0 A0
N [N { 0 /{I + A1] 1fi1/j[ + _ - o ~~ rfc (x/2VDf77)j
Ag Ag D ~ A

Ag Ag Ag Ag
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where N andAg are the silver concentration at the melt-glass interface

and diffusion coefficient in the melt and the bar signifies these quantities

in the glass. When the quantity (Ng / N0) (D /D )'L is small compared to

Ag Ag Ag Ag smlcoprdt

unity, the concentration is nearly constant in the melt and the diffusion

resistance in the melt is small. The value of this quantity at conditions

investigated in this study is on the order of 0.1. The values of

te a Ag/ .Ag ) were taken from the results reported here and the valueth Agan Ag Ag,

of DAg according to Inmann and Bockris [191. Thus ion diffusion in the melt

is not expected to be the major resistance in the exchange process.

Forced convection in the melt can be achieved by stirring the melt to

increase the melt mass transfer rate. Reaction rates are generally rather

fast and the limiting process is expected to be transport of Ag+ in the

glass. This transport occurs by ion diffusion and the equilibrium state of

reaction (6) specifies the surface boundary condition for this diffusion

process. Control of the surface-index change and the cation exchange profile

in glass is affected by manipulating this boundary condition and the cation

transport properties In the glass.

The equilibrium constant for reaction (6) is defined as

a Ag aNa 
(7)

aNa aAg

where the a i is the thermodynamic .ctivitv of Na or Ag. The value of K is i

function of temperature and the composition of the glass and melt. For molten

salts, the standard state is normally chosen to be the pure molten salt it th,

temperature of interest. The reference state for the glass phase is taken as

that in which all of 'he exchangeable cations are of the species in
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question. The ratio of the molten salt component activities for AgNO3-NaNO 3

is well represented hy regular solution theory [201

a N

in ( Ag -In (A A - 2Na) (8)
N -TaN Na RTNa

where A is the net interaction energy which is assumed to be independent of

temperature and melt composition. The measurements of Laity [211 at 330 0 C

suggest the value of A equal to 3515 J/mole for the AgNO 3 + NaN0 3 melt.

The ratio of component activities in glass can be represented by an

emperical n-type model, first suggested by Rothmund and Kornfeld [22],

- - n
Ag (NAg) (9)

a Na NNa

Carrel and Christ [23] have shown that this empirical relationship is

equivalent to regular solution theory for intermediate glass compositions.

Substitution of the activity ratios in equation (7) gives

N g
In (Ag + A(I - 2 N ) n in( Aq ) in K (10)

n RT AgAg- NAg

If the activity models used to describe the solution behavior of both phases

are valid, a plot of the left hand side of (10) versus

in { N / ( 1 - N ) } should yield a straight line with slope equal to nAg Ag

and intercept equal to ln(I/K).
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Ill. EXPERIMENTAL PROCEDURE

The ion-exchange of Ag+ with Na+ in soda-lime silicate glass was carried

gut at 330 0 C as a function of time, AgN0 3 - NaNO 3 melt composition and melt

stirring condition.

A summary of the experimental conditions is given in Table 1. The

composition and density of the soda-lime glass used in the experiments is

given in Table 2. Precleaned glass slides were rinsed in de-ionized water,

allowed to dry and then placed in a sample holder prior to each experiment.

The bath, sample holder and stirrers were all constructed of aluminum. The

temperature was controlled to * 2°C and monitored by a thermocouple housed in

a stainless steel sheath.

After exchange, the glass sample was removed from the melt and allowed to

cool. It was then washed in de-ionized water to remove adsorbed salt. The

glass was then etched in steps of - Lim in a 0.58 wt. percent HF solution.

The resulting etch solution for each step was analyzed for silver in a Perkin-

Elmer Model 280 atomic absorption spectrophotometer calibrated with standards

of known concentration. The estimated precision of the measured concentration

is t 0.03 cation fraction and of the depth is ± 1.6 x 10-6 cm, In this manner

concentration profiles of silver in the glass matrix were determined. It was

observed that the profile data agrees very well with the erfc functionality

expressed in equation (4). The best fit to the data was used to derive the

value of surface concentration NAg" This extrapolation procedure to derive

0 is reasonably accurate for low melt concentrations (NAg< l0- )
Ag

since the silver concentration profile resembles erfc. At higher melt concen-

trations however, the profile is slightly altered and the extrapolation may

cause errors on the order of 10% in N 0

Ag'
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Waveguides fabricated from the same batch were also analyzed by SEM to

determine the silver diffusion profile. The experimental details are given in

Ref. [12].

In addition, planar waveguides were characterized for the mode indices

using a prism coupler. In the case of waveguides which supported one or two

modes, the mode index data were correlated with the theory as follows: The

one-dimensional normalized Helmholtz equation was solved for the measured

profile by a finite-difference method to obtain the mode indices of the TE

modes. The two parameters An and W = 2 V D t were adjusted to give the best

fit to the measured mode indices. When waveguides supported many modes (>6),

the inverse WKB method [24) was employed to give the index profile and the

surface-index change (An).

IV. RESULTS AND DISCUSSION

Fig. 1 shows the measured concentration profiles for some of the samples

listed in Table 1 (NAg = 1.9xi0-4). The fact that the profile for a given

melt concentration does not depend on the stirring condition suggests that the

ion-exchange process is not mass transfer limited in the melt. The data of

Fig. 1 can be adequately fit to the erfc index profile given by equations

(4,5). This indicates that the interdiffusion coefficient, D, is indeed

concentration-Independnt at low Ag+ melt concentrations. The value of D

(2.2xi0 - 15 m2/s) as obtained from the data of Fig. 1, is In excellent

agreement with that derived from measured optical mode indices and by the SEM

technique.

A comparison of the values of D obtained by various workers in similar

glasses is shown in Table 3 where we have extrapolated their data to 330'C

using an activation energy of 9.1x104 J/mole for 439b-Although our
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results are in close agreement with the results of these authors except those

of [51, close agreement is not expected a priori since the glass as well as

melt compositions differ considerably and the procedures for deriving the

values of D from the measured diffusion profile also vary. For example, in

the case of Ref. [281 the results were obtained by measuring the diffusion

depth of the step-like profiles observed in the presence of an applied field

and using the Einstein relation for the mobility and self-diffusion

coefficient of silver ions. The extrapolated silver cation fractions and the

corresponding melt cation fractions are plotted in Fig. 2 and, consistent with

equation (10), the plot is linear within the experimental measurement error.

A least-squares regression analysis of the data gives a value of n equal to

1.49 and K equal to 75. Thus, the partitioning of silver ions between the

nitrate melt and soda-lime silicate glass is nonlinear in the composition

studied. This non-linear behavior indicates that the assumption of concen-

tration independent D is valid only at very low melt concentration of silver

(N Ag 0.1 or equivalently NAg 1 2x10 -4) For NAg > 10- 3 , almost 25% of the

sodium ions in the glass are replaced by silver ions. For these compositions

the first term in the denominator of equation (2) cannot be

neglected and D becomes concentration dependent. This is evidenced by a

change in the concentration profile which is not consistent with equation (4)

as discussed in Section II-A.

The results of these equilibrium studies are compared in Fig. 3 to the

smoothed measurements of Schulze [13] in a soda-lime silicate glass. Using

the same regular solution description of the melt, the values of n and K

derived from the data of Schulze [13] are reported to be 1.03 and 120. Figure

3 also shows the 3150 equilibrium results of Stewart and Laybourn [3]

determined in a glass similar to that studied inthis. whrkT iereported
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values of n and K are 1.32 and 131. The value of n reported in this work is

close to the value of 1.4 reported by Garfinkel [41 in a borosilicate glass.

The differences in the values of the exponent are probably related to

differences in glass composition and/or structure. The value of the

temperature dependent equilibrium constant is in fair agreement with the

results of Schulze [131, Stewart and Laybourn [31, and of Doremus [251 in the

high silica phase of two-phase pyrex. The results of our work suggest a large

value of the silver partition coefficient, similar to the values determined by

silver ion tracer diffusion studies in soda-lime glass [191. Fig. 4 shows the
-

correlation between An and N as a function of NAg. As expected, the two

quantities obey a linear relationship, with An = 0.1 NAg for this glass

composition. These results are in agreement with those of Fainaro et. al.

[261 who used energy dispersive x-ray spectrometry for concentration

measurements in a soda-lime glass of composition similiar to the one reported

in this work.

The large value of equilibrium constant which is responsible for the

steep slope of the N vs. NAg curve in Fig. 3 has important implications in

batch fabrication of single mode fiber compatible waveguides using the Ag+-Na+

ion-exchange process. Such guides are required to have diffusion depths of

the order of 10 i'm which translates into peak index changes of the order of

An = 3x10- 3 . Such small changes can only be achieved at very low melt

concentrations (NAg - 10- 4). Precise control of the melt concentration at

values of N A 10- 4  is required to achieve adequate reproducibility in the

waveguide characteristics. This can be achieved by using an electrolytic

technique [10] for release of silver ions in the melt and insitu galvanic

potential measurement to determine NAg and thus provide a feedback control

loop [271.
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V. Conclusion:

The Ag+-Na+ ion-exchange equilibrium has been studied under conditions

used for fabrication of optical waveguides in soda-lime silicate glass. The

concentration profile of silver in glass was measured by atomic absorption

spectroscopy and analysis of back-scattered electrons in SEM. The surface-

index change and the interdiffusion coefficient were determined from

measurement of mode indices using a prism coupler. The ion exchange process

was modeled by an ion diffusion limited process in the glass with an

equilibrium chemical reaction at the melt- glass interface. The value of the

equilibrium constant, K, was determined assuming a regular solution theory for

the thermodynamic activity of the cations in the melt and an n-type behaviour

in the glass phase. The large value of K indicates that the uptake of silver

in glass varies in a highly nonlinear fashion with melt concentration. The

results are in reasonable agreement with previous studies on similar glasses

at higher melt concentrations. The surface-silver melt concentration NAg

was correlated to the surface-index change and a linear relation,

-o0
An = 0.1 NAgp was empirically determined for this glass composition. It was

found that the interdiffusion coefficient is concentration independent at low

melt concentration and excellent agreement was observed in the concentration

values obtained by AA, SEM and optical techniques.
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LIST OF FIGURES

Figure 1.

Concentration profiles of silver from a silver nitrate-sodium

nitrate melt into soda-lime silicate glass at 3300 for 60 min. NAg

1.9 x 10-4; V -sample A, 0 -sample B, A -sample C, 0 -sample

D, o -sample E.

Figure 2.

Test of melt regular solution and glass n-type behavior for Ag +-Na+

exchange in soda-lime silicate glass.

Figure 3.

Partitioning of silver between silver nitrate-sodium nitrate melt

and soda-lime silicate glass at 330'C. (1) G Experimental

data,- calculated isotherm with n = 1.49 and K = 75;

calculated isotherm with n = 1.08 and K = 120 from reduction of

measurements of Schulze; [3] --- calculated isotherm

with n = 1.32 and K = 131 from measurement of Stewart and Laybourn

(31.

Figure 4.

Variation of the surface-index change (An) and the surface-silver

concentration NAg with the melt concentration (NAg).
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Table 1. Summary of experimental conditions for ion-exchange
studies at 330*C.

Sample NAg Time (h) Number of stirrers

A 1.90 x 10 - 4  1 0

B 1.90 x 10 - 4  1 0

C 1.90 x 10 - 4  1 1

D 1.90 x 10 - 4  1 1

E 1.90 x lo-4  1 2

F 1.90 x 10 - 4  3 1

G 1.90 X 10 - 4  4 1

H 9.97 x 10 - 4  4 1

I 1.97 x 10- 3  4 1

J 4.06 x 10 - 3  4 1

K 8.03 x 10 - 3  4 1

L 1.20 x 10 - 2 4 1
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Table 2. Chemical composition of Fisher brand glass slide (wt%).

Oxide Weight %

S1O 2  72.25

Na20 14.31

CaO 6.40

A1203  1.20

K20 1. 20

MgO 4.30

Fe203 0.03

SO 3  0.30

Density 2.4667 g/cm 3
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Table 3. Interdiffusion Coefficients (330%C).

Reference (10-15m2/s)

This work 2.2

3 2.06

18 2.47

23 1.77

5 7.1
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Abstract

We describe fabrication and characterization techniques for glass waveguides for inte-

grated optical components usina ion-exchanae technique, with emphasis on silver-sodium ex-

change in soda-lime silicate glass. A systematic study of the relationship h.-tween process

parameters and wavequide performance is presented with the objective of optimization of the

1-0 components for Fiber compatihility.

I. INTRODUCTION

- Passive glass wavequides made by io'-exchange techniaue are considered to be prime

candidates for 1-0 device applications such as star couplers, access couplers, wavefront

Aensors, multiplexers, demultiolexerg, and in sensors such as qyroscones. The importance of

the glass wavequide-hased I-, components is borne out by their compatibility with optical

fibers, potentially low cost, and low Propagation losses. However, strict tolerance re-

quirements are placed on passive components as the glass index cannot he varied by

application of an external field. Fabrication of devices such as multiplexers calls for
reooducibility in the propagation constant of the guided mode to an accuracy of better than

10". In order to fabricate glass wavequide devices with such reproducible charac !ristics,

it iq necessary that the role of processing parameters on the wavequide performance be well
understood.

Ion-Exchange Process

Optical wavequi,les i substrates , e fabricated by ion-exchanqe process1 which
creates a layer of hic , e'r tive index near the surface OF the substrate. This is
accomplished by diffusi, .)' a m- Wvalent cation of higher polarizability e.q. Cs+, Rb+, K+,
Aq + , Tl + into the glass matrix % ere it exchanges with Na + or $<+ ions. - 4  Of the arious
ions exchanged in glass by difcusion, each one has its advantages and disadvantages. Most
of the work published in the literature is based on K+-ra+ or Aq+-Na+ binary systems. K+

can be easily incorporated in soda-lime,f borosilicate or pyrex glasses 7 from pure KNO3

melt. The accompanying surface-index change is small ( 0 .(l) and the diffusion process is
characterized by a small diffusion coefficient (D-2x1-1 m /s at 3n5 0C). Thus large dif-
fusion times (- few hours) are necessary for suitable waveguidinq to occur. K+-Na+ exchange
has bee used for fabrication of channel waveauides,8 star couplersq and directional
couplers for single-mode device anlications but the structures have not been optimized
either for the wavequide losses or for their compatibility with optical fibers. Moreover,
the resulting waveguides are observed to be birefrinqent.

Ac+-Na+ Exchanqe

The binary exchange of Aqg-t a' is by far the most researched technioue3 , 10 - 1 p and in
the following we will emphasize this process particularly. When nure AgNO melt is used,
large an (-0.1) wavequides are obtained which have some lisadvantanes: h large silver
concentration in glass causes coloring due to silver reduction, single-mode guides are
shallow (- 2 Um deep) and thus incompatible with optical Fibers used in optical
communications systems. Moreover, the diffusion time- is rather short (- minuttes), thereby
causing uncertainty and lack of reproducibilitv in wavequile characteristics. Dilute
solutions of AqNOq and NaNO are therefore used 13 , 14 to allow lower an and more controllable
diffusion times 0- 60 min.3. A very low ionic concentration (N - - mole fractions) of
silver is necessary to obtain single-mode waveguides with diffusion depth compatible with
singe-mode fiber cores. This is attributed to a relatively large partition coefficient of
silver in soda-lime glass as determined by ion-exchange equilibrium studies.

16  The results
(shown in Fig. 1) show uptake oF Ag+ bv glasa is a highly nonlinear function oF silver melt
concentration and a sliqht variation in its value is expected to cause large changes in the
surface-index change. This accentuates the requirement for a tight control of Nq Such a
control nay be achieved by on-line monitoring of NA- using a concentration cell, relsing
siver ions into the molten NaNO

3 salt hathhvthe electrolytic relears techniue 7 and

controlling the concentration using a feed hack loop.
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II. PROCESS PARAMETERS AND WAVAEGrIr CIIARACTFR[STICS

For I-0 applications it is desirable to fabricate wavequides with low propaqation loss
and desired refractive index profile. The propagation losses are dominated by absorption
primarily due to presence of Foreign impurities in the suhstrate glass and the scattering
contributions caused by the qlass inhomoneneity and ,irface or geometric imperfections. Ry
careful q oice of the host glass, absoretion losses as low as n.07 dR/cm have been
obtained. Scattering losses, on the other hand, are qenerally introduced in the
processinq steps. noants introauce additional Rayleiqh scattering to the background losses
caused by the multicomponent nature of the glass. Reduction of the incoming ions to
matallic silver in the glass matrix can give rise to additional losses. Surface irrequ-
larities invariably interact with the propagatinq field and contribute to losses by
scattering. This can be minimized by burying the wavequide under the glass surface by
carrying out a two-step ion-exchanqe process. In channel wavequides, the impertect wail
boundaries caused durinq the photolithogranhy may introduce additional loss. This loss
contribution is less serious, however, since the diffusion process smooths out such
irregularities. Pinally, in devices, the waveguides invariably co throuah bends, hi-
furcations or tapered transitions. These transitions have to be aesioneA carefully to limit
the radiation losses.

The refractive i.aex profile on the other hand, depends on various parameters in an
intricate manner. The composition of the host glass, the nature of the incoming ion and its
concentrationn in the melt, the diffusion temperature, time and the magnitude of the
externally applied field, all affect the index profile.

The modelling of the diffusion profile in glasses requires a knowledge of the boundary
and initial conditions and solution of the diffusion equation which involves parameters
such as surface concentration, diffusion coefficient b and mobility u of the incoming ion
and their temperature dependence. These parameters are determined by first fabricating a
planar waveguide and measuring the absolute concentration profile. The diffusion width Wo
is related to the diffusion coefficient 6 via Wo = 2'f5t where t is the diffusion time. The
surface-index chanqe An is linearly proportional to the surface-silver concet ration N in
the glass and can be either derived from empirical Formulas given by Ruqgins or measured

optically. The mobility v is obtained by fabricating a planar waveguide in presence of an
applied field F and fitting the resulting concentration (index) profile to an ana tical
solution of the diffusion equation using previously determined values of 5 and An. I is
kept as the fitting parameter as it cannot be determined from 5 since the Finstein's
relation does not hold in glasses.2 1  Once these parameters have been determined, two-
dimensional diffusion equation can be numerically solved to predict the channel waveguide
diffusion profile for a given set of processing conditions. The propagation characteristics
of the resulting waveguides can be calculated by solving the two-dimensional Tielmholtz
equation ,r g one of the- several numerical methods developed for arbitrary index
profiles -. A comparison of the theoretically predicted Properties with the
characterization results provides the necessary correlation to optimize the processing for
specific waveguide properties.

I1. PARRICATION

The schematics of the Ag+-Na+ ion-exchange technique from molten salts is shown in Fig.
2. The melt is held in a crucible or heaker which is kept at a constant temperature by
enclosing it in a furnace. The melt consists of the appropriate salt as the source for the
diffusing ions. The desirable characteristics which influence the choice of the salt for a
given ion are its meltina point and the dissociation temperature. "itrate salts have been
used extensively as they have some of the lowest melting temperatures and exhibit reasonable
stability. The diffusion temperature is adjusted to control the rate of diffusion. In some
cases, melting temperatures can be lowered by using a mixture of two nitrate salts. For
example, pure KNOq melts at 334oC and pure Nano 3 at 307°C; however, a mixture of i wt %
KN0 3 and 4Owt% NaMO 3 melts at 2qO*C. In the schematics of Fig. 9, silver ions are released
electrolytically and their concentration measured during diffusion.

For planar waveguide fabrication, polished glass substrates are immersed in the molten
bath by using an aluminum sample holder. .trip wavequides are preparedl hv first carrvinq
out photolithography to create masked regions of aluminum or some other material such as
Al 2 3 , Si02 , etc. First a 150O-2n00 A' layer of aluminum is evanorated on the glass
surface. A photoresist layer -lum thick is then spun over the Al layer. The glass is then
baked at RO*C for about 11; min. and then the photoresist layer is exposed to ultra-violet
radiation under the appropriate mask. Following this, tho exposed ohotoresist regions are
developed and the underlying aluminum layer is removed by aluminum etch. These glass
samples are then immersed to brino the masked surface in contact with the molten salt,
permitting ion-exchange in the open regions (channels).

In order to apply the electric field during the ion exchange process, two approaches
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have been implemented. In one case, the negative electrode consists of a platinum wire
pressing agaicst a gold film evaporated on a thin chromium film on the back surface of the
glass sample. - - Chromium is helpful in making a good contact with the qold film. An

alternative to the gold film is to use a molten salt mixture. This eliminates the step of

evaporating gold and therefore, is the less expensive method. The melt has to be kept
bubble-free to assure uniform field across the substrate. Tn either case, the anode
consists of a platinum wire immersed in the molten salt as shown in Fig. '. The resistivity
of the melt depends on its composition and temperature and there is a potential drop across

the melt which may be of the order of ]0 of t total applied voltage for Imm thick soda-
lime glass substrates with 4-5 cm cathode area.

IV. CHARACTERIZATION

The important crarpcterizatias of passive wavequides include measurement of index
(dopant) profile, propagation constants of the guided modes, attenuation and mode field
pattern.

There are two different approaches for measurement of the refractive index prooile in a
glass waveguide fabricated by ion-exchange process. One of these involves measuring the
dooant profile using analytical tools such as electron or ion mi roprohe,3 analysis of hack-
scattered electrons in a scanning electron microscope, s or atomic absorption
spectrophotometry.1 6  The other alternative is to carry out optical measurements of
parameters such as surface reflectivity or mode indices of the guided modes. The latter
data are then used to derive the index profile by using inverse WKR approximation2 5 which

works well only for highly multimode waveguides with qraded-index profiles.

Concentration Profile

Electron microprobe has been used to measure the profile of the diffusing 4on.2 In
this technique, the high-energy electrons are collected and analyzed For the concentration
of the ion of interest. The results have to he analyzed carefully as the presence of other
ions e.g. Ca++, Al+++, Mq++ etc. in the glass may give rise to spurious effects.3 Electron
microprobe is universal in the sense that any ion can he analyzed. Ilowever, sensitivity
depends stronqlv on the ion with the result,the data can be very noisy to draw useful or
definite conclusion, particularly if the concentration of the ion is extremely low, such as
the case of Aq+-Na+ exchanq ed single mode wavenuides. 1 5  Spatial resolution of the order of
2 pm is typically achieved, making the technique suitable for multimode wavequides only.

Scanning electron microscope can be used for determination of the nrofile in two
ways. One either analyzes the x-rays (enerav dispersive spectromnetry, EMS) characteristic
of the ion in 2 uestionA or, alternatively, analyze the hack-scattered electrons originating
from the ion. 2 n Both have been successfully used to measure Nq+ concentration in multimode
soda-lime glass wavequides. The resolution is of the order of I um and since the scatterin
efficiency is higher for ions of larger atomic numbers, only heavier ions such as Cs +

, Tlb
and Ag+ may be amenable for this analysis. Hiqh mobility of ions such as sodium under the
beam precludes their measurement using this method.

Atomic absorption spectrophotometrV is an analytical tool for concentration measurement
of any element. Here a thin laver of the sample surface is etched using TiP acid solution
and the solution is analyzed for the ionic concentration. Subse'uent etchino is performq
and the analysis repeatedly carried out until the concentration profile is determined.Tg

Depending on the diffusion depth, and the spatial resolution desired, the ntumber of steps
may be anywhere between 10 and 20. The technique is dlestructive but is capable of giving
absolute concentrations without a great deal of effort.

Refractive-Tndex Profile

Although for low concentration of the diFfusinq ion- generallv encountered in ion-
exchange problems, the concentration profile gives the refractive index profile, there are
cases where this is not true. 7n fact, it has been shown recently that Tfug(ins relation,16
widely used for predicting the index change upon substitution of the host ion by the
diffusing ion, does not hold in certain case 7such as when Aq+-'!a + exchange occurs from pure
Ag HO 3 melt in high-content sodium glasses. Thus, it is of great impnotance to know the
index profile directly.

There are several techniques For measurement of the index proFile in wavequijes. These
include interferoinetry, reFlectivitv measurement and the inverse WIMT method which relies on
the mode indices data.

Tnterferometry is by far the most accurate and direct technique. flere, monochromatic
light beam is split into two arms of a Mach-7hender interferometer. One beam passes throuah

a thin (-30m) polished sample and the other through a reference object. The two beams are

218



combined at a detector and the resulting interference pattern is recorded. The fringe data

is converted back into index information and two-dimensional profile can he obtained. The
difficulty lies in the sample-preparation which is time consuming and laborious. Moreover,
it is a destructive method. Commercial interference nicroscones are not readily available

and consequently one has to build his own equipment.

The two-dimensional index profile can also he determined by measurinqgeflectivitv from
polished faces with the aid of an optical multi-channel detection system. The surface of

the sample is first beveled to a small anqle (few degrees) and then illuminated at normal
incidence in an optical microscope. The two-dimensional reflectivitv is measured by a
vidicon tube attached to the microscope. The index distribution is calculated from
Fresnel's formula. High spatial resolution can he easily achieved because of the
beveling. The system can he calibrated by measuring the reflectivity of a known sample. It
is necessary that the vidicon response he linear for the intensitv levels involved. The
system should be capable of accounting for the stray light. Reguirment of absolute
measurements of power levels make this technique subject to error. However, the resolution
of index change measured is limited to 10- 3 , making this method suitable only for multimode
guides.

Although both the methods described above yield the index distribution in two
dimensions, they require absolute measurements of illumination. Another method which yields
the index profile of the wavequide relies on the measurement of mode indices. Thi can be
easily accomplished by the prism coupler technique with accuracies aporoachinq lxl n- . From
the mode-index data, the index profile is derived using the inverse WKR method.). While this
method gives reasonably good results in the case of FRF'C and exponential prof les, there are
serious problems in determining the refractive index near the glass surface as well as at
the profile tails (where it approaches the substrate value and mode index values are
inaccurate). Thus, care should be taken when the index profile is flat (as in the case of
Gaussian or step-like profiles) or if there are step-like transitions such as the case of
electric-field induced ion-exchanae or the rs+-Na+ ion-exchanqe (where the double alkali
effect gives sharp, step-like profle4 ). Moreover, the WKR approximation is known to be
erroneous near the mode cutoffs. 'q The method may thus give reliable results for
determining diffusion depths hut the value of surface-index chance is always subject to
error. In case of surface wavequides (such that prism coupling can be employed for
measurement of mode indices) with large number of 1 uidled modes, WKR method has been used
extensively for characterization of wavequidee.6, 7  ,13 In the Aq+-Ila+ exchanged single-
mode guide.s4  the index profile is FPPC when low concentration of silver in the
melt (Aa-10 ) is used. WO and An are determined by fitting the measured mode indices to
those calculted by solving the Helmholtz equation and treating WO and An as adjustible
parameters.

Attenuation and Mode Field Profile

The techniques for measurement of attenuation and mode field profile in ion-exchanged
wavequides are similar to those used in intearated optics with li:Li,.jO 3 wavequides. For
planar guides, attenuation can be measured by the three-prism method. This method
measures total attenuation, i.e., contribution from scattering as well as absorption.
Alternatively, scattering contribution to attenuation can be measured independently by
probing a fiber tip along the wavequide and capturing the scattered signal. The variation
of this signal as a function of propagation distance along the wavequile is plotted to
determine the scattering loss. If the attenuation is below (.I dR/cm, neither the three-
prism nor the fiber probe mjhod is adequate and one resorts to resonant structures such as
Fabry-Perot ring resonator. Tn this case light is coupled into a ring wavequide from a
straight wavequide by distributed directional coupling mechanism and the output from the
ring is extracted in a similar fashion. By measuring the transmission of the Fabry-Parot as
a function of temperature, both the finesse and the cont ast can be determined and from
these parameters the loss Per unit pass can he extracted. . ]  Another method of estimating
propagation losses in single-mode channel wavequides is described in the followinq section.

Mode field profile measurement is oF paramount importance in wavequide
characterization. Fiber-wavequide coupling, nerformance of the directional coupler,
curvature-induced losses, all depend on the mode field. Hear field method shown
schematiCally in Fig. 3 is the most convenient and direct way to measure the field
pattern." In fact, beside the wavequide mode field, the method shown here allows
determination of various other parameters with very little additional effort. These are-
the fiber mode field, the fiber-waveguide coupl ing loss and the pronagation loss in the
waveguide. The measurement procedure is as follows: 3 3

Light from either a He-Ne laser or a 1.3 pm seiniconOictor laser is coupled into a short
piece of a single-mode fiber. The fiber is either hirefrinent type so that it maintains
the linear polarization or in the easet of conventional fiher, the Fiber is kept as steady a
possible to prevent polarization Floctuations and linear outnut polarization is achieved by
adjusting the compensator at the input end. Linear polarization allows excitation o' either
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TE or TM like modes in the guide. The wavequide output is collected by a hiqh-quality
planar objective by imaging the wavequide end on a phodetector/ampliFier with a pinhole
mounted at its front end. The two-dimensional nearfield intensity pattern is measured by
scanning the detector horizonally and vertically and recording the siqnal from the lock-in
ampli-fier on a chart recorder or storing it in a computer. The Fabrv-Perot effect caused by
the Fresnel reflections at the Fiber-wavequide gap is taken care of by adjusting the spacinq
for maximum transmission.1

3  Fiber-near field can also be measured usinq the same orocedure
after removing the wavequide. The magnification of the system is determined by imaging a
known mask pattern at the detector face and scanninq the letector.

In order to detcrmine the Fiber-waveguide throughput efficiency, the output from the
fiber is first measured. Then the wavequile is adjusted for maximum transmission and the
output once_ again measured. Accuracies of the order of O.Oldri can be achieved using this
procedure. 3

In order to derive the prooagation losses From the measurement of fiber-wavequide
throuqhtput loss and the fiber and wavequide mode profiles, the followina procedure can be
used. The total throuqhput loss is made of three components: 1) Presnel loss due to
reflections of the optical Field at the wavequide input ani qutput interfaces, 2) the
propagation loss, and 3) mode mismatch loss due to diFferent field distributions of the
single-mode fiber and channel wavequide. qince the refractive indices of the Fiber and
glass substrate are very nearly equal (1.46 and 1.91 respectively), the Fresnel loss is
small and can be made neqliqible if the Fiber-waveguide spacing is adjusted for maximum
transmiss on. The mode mismatch loss is calculated by evaluating the normalized uverlap
integral 1A

[ E "., (x,y) Pg (X,y) dxdy )] (1)

[ £ (x,y) dxdy] IIL. _ g (x,y) dxdV]

where Ef (x,y) and E (x,y) are the mode field profiles of the fiber and waveguide
respectively. The mode-mismatch loss is given by -10 loq 0 n. If it is assumed that the
two mode profiles are Gaussian along both the x and y axes, then

4
+ (2)(WWv + d__

x y

where w x and wY are the l/e intensity full width and depth of the wavequile mode and d is
the I/e intensity diameter of the fiber mode. Although the Gaussian mode anproximation may
be reasonable for well-guided modes in buried channel wavequi(les where the field
distribution tends to be symmetric, surface wavequides with not-so-well quided modes deviate
from the ,aussian case and a numerical evaluation of integral (1) is necessary to determine
the mode mismatch loss accurately.

Once the mode mismatch losses have been determined, the propagation loss in the
waveguide is obtained by subtracting is from the overall fiber-wavequile throuqhtnut loss.

V. OPTIMIZATION

Table I lists composition of a commercial soda-lime glass which has been used for
fabrication of ion-exchanged waveouides. Pahricatinq planar guile in dilute ccentration
of Aq NO 3 in NaNO 3 melt, diffusion constant, An and p were measured at 330'C. ' , Using
these data, surface channel wavequides were fabriacated at 33flC with mask width Wc rnginq
from 2 Pm to lOim, and characterized for their index profile, 3 6 cutoFf wavelengths, I and
modefield profiles. 3 7 Comparison of the surface-index chande An and diffusion depth Wo with
the corresponding planar wavequides indicated that althouqh both An and Wo For channel
waveguides are smaller than the corresponlinq values For planar guiles, their values
incregge with increasing Wc and anproach the planar values For Wc anproachi
6 Um. Moreover, there was substantial side diffusion of silver undier the metallic masks
(Fig. 4) which gave rise to highly elliptical mode field distribution. 7  Single-mode
surface guides were obtained with diffu-ion times of 1 hour for 3 <Wc< 7 Vrm. No external
electric field is necessary in the first step.

A minimum fiber-wavequide throughput loss oF 1.6dP was Obtained For channels 17 mm long
with Wc in the range of 5-6 um. "owever, when these wavequils were buried by apolving an
external field in the second step, the resultin 1 field distributions were quite
circular.37 Roth scattering anl mode mismatch losses were reduced and a total fiber-
waveguide throughput loss of I dr was achieved for the same channels. -his relative
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insensitivity of the mode field distribution to the mask width is desirable for satisfactory
reproducibility. The results show th the two-step ion-exchanqe process is essential to
get low loss symmetrical wavequides. While index profile of the buried quide can he

controlled by adequate choice of D, HM,, diffusion times and the applied field, the position
of the index peak depends only on the OrodUct of the applied field and second-step diffusion

time. It appears that the wavequides can he buried to desired denth vd the index profile
can he tailored fairly independently bv a careful choice of parameters.

What is the reproducibility of these wavemuides? In planar wavequides, the index
prbfile and the propaqation constant have shown excellent reproducibility. rven whew
electric field is applied, the propaqation constant can he reproduced to better that 2xl-0

acc,!racy. In the case of channel wavequides, as pointed out earlier, the field profile and
attenuation are hiqhly reproducible as they are relatively insensitive to the actual index
profile. But in devices such as directional couplers, it is not only the overlap between
the fields of the adjacent quides which should be reproducible, but also their individual
propagation constants since the power transfer depends on the phase mismatch between the two
modes. rxperiments are in proqress at present to answer these questions as the Feasibility
of mass production of passive wavequide components depends very critically on these issues.
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Table I

Composition oF soda-lime glass.

Oxide Weiqht ' Oxide Weiqht %

SiO 2  72.29 Vn 1.20

Na 2O 14.31 Mqo 4.3n

CaO 6.40 Fe2n 3  n.3

A1 2 0 3  
1.20 .sn3  

0.30

nensitv = 7.467 q/cm
3

0.6 - 0.06x N Ag

o An

0.5 - 0.05

0

0.4 -0.04

0Pi q.. Variation of sur-
X An face-concentration of silver
00 ions (q ) and surface index

< 0.3 003 chanqe T2n) with the silver
Z melt concentration (NAI).

0
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Fiq. 3. Schematics for near field measurement.

Fig. 4. Silver concentration Profile of channel wavequidle.
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Buried Na+-Ag+ Ion-Exchanged Glass Waveguides:
Theory and Experiment

H. C. Cheng, R. V. Ramaswamy and R. Srivastava
Department of Electrical Engineering

University of Florida
Gainesville, Fl. 32611

Glass waveguides are generally fabricated by ion-exchange process by
immersing the glass substrate in a molten salt mixture. These waveguides have
the maximum index change at the glass surface, and their index profile depends
upon the diffusion time, the melt temperature, the compositions of the glass
and the melt, and on any applied electric field. The surface waveguides can
be buried by immersing them in pure salt bath and carrying out diffusion in
one more step with or without external field. Burying the waveguide under the
glass surface reduces the scattering losses arising from the surface irregu-
larities. The buried profile can be tailored to give desired waveguide
characteristics by changing the process parameters. Both planar and channel
Na+-Ag+ ion-exchanged buried waveguides have been reported [1-31. Since the
silver melt concentration used in these studies was relatively large
(N A 0.1 mole fraction), the resultant surface index change was also large
(Angg 0.1), giving rise to either multimode waveguides or very shallow

single-mode guides, incompatible with single-mode fibers. Moreover, the
interdiffusion coefficient under these conditions is concentration dependent,
a fact that makes the solution of the diffusion equation more cumbersome.

To circumvent these problems, we have fabricated quasi-single-mde buried
waveguides with very low melt concentrations (N 10 -  - 10- MF) and
measured the silver concentration profile in the glass by analyzing the back-

scattered electrons in a scanning electron microscope [41. Under these con-
ditions the diffusion is characterized by the self-diffusion coefficient of
silver in glass. The one-dimensional diffusion equation has been solved using
a very simple multiple integration technique. For the first time the result-
ing profiles have been correlated to the measured ones at such low-melt
concentrations by varying processing paramenters in a two-step ion-exchang,,
process in the presence of an external field.

We solve the one-dimensional diffusion equation

C C aC (1)-t =  x 2 x E - i

where C is the concentration, D the self-diftusion coefficient, and u the
mobility of the diffusing ion, respectively, in* the glass, and E is the
applied field. D, 11 , and E are assumed to be position independent as well as
independent of each other. This is in contrast to the previous analyses where
D and u were assumed to be related via the Einstein's relation. Since this
relation does not hold for glasses [5], this assumption is likely to give
erroneous results. Consider an arbitrary initial concentration C(x,O) = Co(x)
in the glass which can be approximated by

C0 (x) = ) C(xi)(x-xi)
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For a linear system, the solution of (1) can be expressed as the summation of
all the impulse responses,

9
C(x. ) (x-x. -,,Et )2

C(xt) Y ' exp[- I ]
I 41)t

i Y4nDt

For the initial concentration given by the continuous function CO(X),
C ((x') r ( - , O t 2

C(xt) =  - exp (x-x'-uEt) 2

- _ e - 4Dt

Since during diffusion Co(x') is a time dependent boundary condition, C(x,t i )
is evaluated by dividing time into many small and equal steps of interval At.
Thus t. = iAt and

1

S C(x') 2
-- 4Dt ex]'- 1 (dx')i (2)

C~xt. =___ PL~ 4DAt
- /41Dt

i integrals
We have checked the accuracy of (2) for two cases where the solutions of (1)
are obtained in analytical form: the single-step process with and without
applied field. In both cases the agreement was excellent.

The one-step concentration profile is next used as the initial condition
for the second step. It is assumed that there are no silver ions in the melt
and the electric field is sufficiently large to block the diffusion of Ag+

ions back into the melt. The resulting indexprofile for the case of no
applied field in the first-step for u > -wE,t/2VDt,, can be written as

- C (u,/) 9
C(u) f exp[-(u-u')-jdu' . (3)

0 V'
where

x-uE 2 t 2  ______
= x

2VDt 2  2/Dt 2

T= t 2 /t1

t i = diffusion time of the ith step, i 1,2

E2 = applied field of the 2nd step

and

C (U'/T) = concentration profile of the 1st step.

Eq. (3) was used to calculate index profiles and the resulting field profiles
of the guided modes using previously determined values of D and W [4] at
the nrocessng temperature of 330'C and melt silver concentrations of
- 10 - 10 MF. Under these conditions
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C (U'/T) = C 0 erfc(,': u') (4)

Using (4) in (3) we have calculated the index profile, index peak position,
the waveguide width and the peak index change in buried guides as a function
of t, and E2 , keeping E = 0 and t, fixed. The dependence of the waveguidewidth is shown in fig. 1. It varies approximately as /t in agreement withwidt is hownin 2'the experimental results [4].

However, the calculated dependence on E2 is not linear and shows a
smaller change with field E.) than earlier reported results [4]. This dis-
crepancy is being investigated and the results will be discussed. The peak
position varies linearly with t? or E? as expected, whereas the peak index in
the second step drops rapidly to 10-15% of its initial (first-step) surface
value within 30 minutes; thereafter it decreases very slowly. The results
give the design parameters and show that fiber-compatible single-mode busied
waveguides can be fabricated from melt concentrations of the order of If- MF.
Propagation characteristics of these waveguides will also be presented.

This work was supported in part by Bell Communication Research and AFOSR
contract No. 84-0369.
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Abstract

We report optimization of the processing conditions for fabrication of
single-mode Ag+-Na + ion-exchanged waveguides in a soda-lime glass. The

surface-index change, the mobility and diffusion coefficient of Ag+ have been
measured at low melt concentrations and the results used for calculation of

index profile using a new simple numerical method for solving the diffusion
equation in a two-step process where the index profile is buried by applying
an electric field in the second step. The calculated profile is in agreement
with that measured. This correlation allows solution of the Helmholtz
equation for given process parameters. Single-mode waveguides with desired
mode-field distribution have been designed and fabricated with optimized
performance and fiber compatibility at 1.3 vim.
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I Introduction

Glass waveguides are considered to be prime candidates for integrated

optic device applications such as star couplers, access couplers, wavefront

sensors, multiplexers, demultiplexers, and in sensors such as gyroscopes. The

importance of the glass waveguide-based 1-0 components is borne out by their

compatibility with optical fibers and potentially low cost. In addition, they

have low propagation loss and can be fabricated and integrated into the system

with relative ease. However, unlike its electro-optic and semiconducting

counterpart substrate materials (e.g., LiNbO3 , GaAs, etc.), glass index cannot

be tuned by application of an external electric field, and therefore glass

devices must be fabricated with assured reproducibility within specified

tolerances. Fabrication of devices such as multiplexers calls for

reproducibility in the propagation constant of the guided mode to an accuracy

of better than 10- • In order to fabricate glass waveguide devices of such
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reproducible characteristics, we have studied the Ag+-Na+ exchange and

diffusion process in detail to understand the role of the processing

parameters 11-4].

It is known that when pure AgNO 3 melt is used for the exchange process,

large An(-O.l) waveguides are obtained which have some disadvantages: a large

silver concentration causes coloring due to silver reduction; secondly,

single-mode waveguides are shallow and therefore, are incompatible with single

mode optical fibers. Moreover, the time of diffusion involved is rather

short, thereby causing uncertainty and lack of reproducibility in the

waveguide characteristics. Dilute solutions of AgNO 3 and NaNO 3 allow

achievement of lower An and more controllable diffusion times [1-61. However,

in Ag+-Na+ ion-exchanged waveguides, the surface-index change and the index

profile depend strongly upon the melt silver concentration [2,5,6]. In fact,

very low silver concentration in the melt [ N ~ 10- 4 mole fractions] isAg

required to obtain single-mode waveguides. As the index change is expected to

be a linear function of the concentration of silver ions in the glass, it is

necessary t., understand how the silver ion intake by the glass in affected by

the process parameters in the ion-exchange technique, viz; melt composition,

diffusion time, temperature, and melt stirring. To answer some of these

questions, an ion-exchange equilibrium study (3,4] was recently reported for

accurate determination of the boundary conditions for the solution of the

diffusion equation to calculate the index profile and correlate it with the

measured profile.

In this work, using the boundary conditions determined from the earlier

equilibrium study 13,41 we have calculated the index profile by solving the

diffusion equation numerically using a simple impulse response technique. The

numerical method allows prediction of the profile for -single-step as well as
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two-step process used for buried waveguides and can be used even when an

external electric field is applied during the ion-exchange process. The

theoretically predicted index profiles are in agreement with the results

obtained experimentally. A correlation between the theory and experiment

allows determination of relevant parameters such as the index profile, the

electric mobility of silver ions in glass, and the interdiffusion coefficient

for the given melt composition and other process parameters. The measured

parameters were then used to optimize the two-step process to obtain planar

waveguides with desired mode-field distribution at a given operating

wavelength. It is expected that the results of this work will help in design

and fabrication of channel waveguides with desired characteristics and

waveguide-based 1-0 devices for applications cited earlier.

II Theory

A. Diffusion Equation

The diffusion equation for the diffusing ion A (silver) can be derived in

the following form [71

3 A + n V
at aA A -a A

A AA

where ---- ; (2)
B

Pi is the mobility of ion i, is the applied field, C A is the absolute

concentration of ion A in glass,
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31n a A

and n= - (3)
in CA

where a A is the thermodynamic activity of the ion A.

Eq. (1) can be solved to obtain the concentration profile provided the initial

condition and the boundary conditions are known. One of the boundary

conditions involves knowledge of the concentration of cation A at the glass

surface which is a function of the melt concentration. Determination of this

boundary condition was accomplished by ion-exchange equilibrium studies

reported earlier [3,4].

B. Solution of the Diffusion Equation

a) Diffusion without external field

Eq. (1) can be further simplified if there is no external field present

and V E is set equal to zero i.e., there is no space charge present. In

this case it can be shown [81 that the two-dimensional diffusion equation

becomes

aNA 3 nDA 3N A a nDA 3NA
- ax ) +ay ( A (4)

1N- a 1 - a N A

where N is the concentration of silver in glass in mole fractions.

In the case of planar waveguides (4) reduces to the one dimensional diffusion

equation which is normally written as

aN A 
__3NA

t x x) (5)

where D is called the interdiffusion coefficient given by

D A nDA DB
: (6)

1- a NA DAA + DB NB
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For NA << 1 as in the case of single-mode Ag+-Na+ waveguides,

= nDA. In this case the diffusion equation has the simplest form

3NA 
, A

t nDA a 2 (7)

the solution [9] of (7) is,

NA (x,t) = N erfc (x/W ) (8)

where

W = 2VnD At (9)

and N is the surface silver concentration.
0

b). Diffusion With External Electric Field

The diffusion of incoming ion can be enhanced by applying an electric

field across the substrate. In this case, one has to solve the equation (1)

which is a difficult task at best in the two-dimensional case. However, in

the case of one-dimensional (planar) waveguides, approximate solutions can be

obtained under certain conditions. For example, in the case of low

concentrations (NA << 1), space-charge effects can be neglected and for planar

waveguides Eq. (1) reduces to

aNA - NA 3NA
nD 2 - wE (10)a t = n A a 2 a -x -

x
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and A (x,t) is calculated by a Laplace-transform techniques [101

NN {erfc (x'- r) + exp (4rx') erfc (x + r)} (11)
A 2

where x' = x/W = x /2/r t is the normalized effective depth of diffusiono At

without external field and r = iEt/W
0

It has been shown [7] that the influence of the space charge leads to steeper

diffusion fronts when compared to the solution (11). For large values of r,

the contribution by the second term in (11) is negligible and the diffusion

profile can be approximated as:

N 0
N A (x, r) = 2 {erfc (x- r)}, r > 2.5 (12)

In the two-dimensional case, Eq. (1) has been solved [7] neglecting the

concentration dependence of the interdiffusion coefficient and assuming that

the diffusion term in (1) is small. While such analytical solutions are valid

for very large applied fields such as involved in multimode waveguides, the

case of single-mode guides does not fall in this category. In such situations

equation (1) can be solved only by numerical methods [8].

c). Two-Step Ion Exchange (Buried Waveguides)

Surface waveguides obtained by ion-exchange are characterized by higher

loss caused by surface scattering. Furthermore, the intensity profile of the

guided mode is not circularly symmetric and compatible with optical fiber.

These drawbacks can be overcome by burying the waveguides in a second ion

exchange in a melt free of the cation A. An external field may be applied

during this step to control the buried depth and the index profile. Since the

initial conditions in this case are determined by the first-step diffusion
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profile, analytical solutions to Eq. (1) cannot be obtained and one has to

resort to numerical techniques once again. In the following, we describe a

simple numerical method to solve (1) in the case of planar buried waveguides.

d). Modeling of the Diffusion (Index) Profile for Buried Waveguides

To solve the one dimensional diffusion equation

32 p1C (13)
ax 2;

for the concentration profile C(x) of silver in glass in analytical form, a

reasonable assumption about the concentration dependence of the interdiffusion

coefficient U must be made. Our ion-exchange equilibrium results [3,41

suggest that at the melt concentrations involved in our work, 10-15% of the

sodium ions are replaced by silver in the first-step diffusion. Besides, the

self diffusion coefficient of silver is a factor to 3-10 smaller than that of

sodium in these glasses [8,11]. Under these conditions, Eq. (6) indicates

that the interdiffusion coefficient is only weakly dependent on the silver

concentration (provided the self-diffusion coefficients themselves do not

exhibit any drastic changes with the respective ionic concentration). If it

is further assumed that not only D, but the mobility P and the electric field

E all are concentration (or position) independent, the analysis is greatly

simplified.

In order to solve (13), consider an arbitrary initial

concentration C (x,0) = C (x) in the glass. We -write
O

Co(x) = z1 Ci(xi) 5 (x-xi) (14)
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For linear systems, the solution of (13) can be expressed as the summation of

all the impluse responses,

2
Ci (xi) (x-x -Et)2

C(x't) /4-Dt exp [ 4Dt ] (15)

For the initial concentration given by the continuous function C (x),0

(xt) = (X) exp (x-x'-PEt)2 ] dx' (16)
-4aDt 

4Dt

Since during diffusion C (x') is a time dependent boundary condition,
0

C(x,t ) is evaluated by dividing time into many small and equal steps of

interval &t. Thus t = it andi

C(x,t) C (X) exp (x-x'-pEnt) 2 (dx')• (17)
-I 4-Dt ep4D~t -

i integrals

We have checked the accuracy of (17) for two cases where the solutions of (13)

are obtained in analytical form: the single-step process with and without

applied field [Eqs. (8) and (1i) respectively]. In this

case, Co(x) = 0 for - < x < 0 except at the glass-melt interface (x=O) where

its value is constant at all times and is determined by the ion-exchange

equilibrium In both cases the agreement between the results obtained by

evaluating (17) and those given in the corresponding analytical form was

excellent. These agreements are shown in Fig. 1.

The one-step concentration profile is next used as the initial condition

for the second step. It is assumed that there are no silver ions in the melt

and the electric field is sufficiently large to block the diffusion of Ag+

ions back into the melt. The resuAjinainde"x-profile --for the case of no
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applied field in the first step in the case where u > - E 2 t 2 /2/ Dt 2 can be

written as

= . 1 (u T) exp [ -(u-u') 2 ]du'. (18)

where

2 /Pt 2  2 /Dt 2

T t t2/t I

and C1 (u' /- ) = concentration profile of the 1st step.

Eq. (18) was used to calculate index profiles and the resulting field

profiles of the guided modes using determined values of D and P at the

processing temperature of 330 0C and melt silver concentrations

of - 10 - 10- 3MF. Under these conditions, the initial condition for the

second step is given by

C (u' / ) = C (0) erfc (/-u ) (19)

where Zo (0) denotes the surface concentration determined by the ion-exchange

equilibrium at the melt-glass interface. It is proportional to N present in

the expressions given by (8), (11) and (12).

III. EXPERIMENTAL PROCEDURE

The ion exchange of Ag+ with Na in soda-lime silicate glass was carried

out at 330 0C . Schematics of the procedure s shown in Fig. 2 and the
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composition and density of the soda-lime glass used in the experiments is

given in Table 1.

The waveguides were analyzed for the silver diffusion profiles using an

atomic absorption spectrophotometer (AAS), an electron microprobe, or a

scanning electron microscope (SEM). The experimental details are given in

[2,31.

Alternatively, the planar waveguides were characterized for their mode

indices by using a prism coupler. In the case of waveguides which supported

one or two modes, the mode index data were correlated with the theory as

follows: The one-dimensional normalized Helmholtz equation was solved for the

measured profile by a finite-difference method to obtain the mode indices of

the TE modes. The two variable parameters were An and W = 2 V D t whicho

were adjusted to give the best fit to the measured mode indices. In the case

of waveguides which supported many modes (>6), the inverse WKB method [121 was

employed to give the index profile and the surface-index change (An).

IV. RESULTS AND DISCUSSION

Fig. 3 shows the concentration (index) profiles measured by the various

techniques for NAg = 2x10-4 demonstrating an excellent agreement in the

results. The data can be best fit to the ERFC profile given by (8) and shown

as a solid curve in Fig. 3. This indicates that the interdiffusion

coefficient is indeed concentration independent at low silver-melt

concentrations. Our earlier results of ion-exch-inge equilibrium study [3,41

show that the partitioning of silver ions between the melt and the glass is

highly nonlinear and, for higher melt concentrations (NAg - 10-3), almost 25%

of the sodium ions in the glass are replaced by silver ions. At this

composition the D NA term in tle---dernrmator of (6)- cannot be neglected
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and 0 becomes significantly concentration dependent. This was evidenced by a

change in the measured concentration profile.

The large dependence of the silver intake by the glass on the melt

concentration has important implications in batch fabrication of single mode

fiber compatible waveguides using the Ag+-Na+ ion-exchange process. Such

guides are required to have diffusion depths of the order of 10 Wm which

translates into peak index changes of the order of An = 3x10- 3. Such small

changes can only be achieved at very low melt concentrations (NAg I0).

Precise control of the melt concentration at NAg - 10-4 is required to

achieve adequate reproducibility in the waveguide characteristics. This can

be achieved, for example, by using an electrolytic technique [13] for release

of silver ions in the melt and insitu galvanic potential measurement to

determine NAg and thus provide a feed back control loop [14].

Determination of B and w

Besides the boundary conditions obtained by the ion-exchange equilibrium

reported earlier (3,41, complete solutions of the diffusion equation (13) also

requires knowledge of the interdiffusion coefficient B and the mobility '.

This was achieved as follows:

Single- and multimode surface waveguides were prepared in melt

compositions with NAg = 4x10 -4 and their mode indices measured by prism

coupler. Based on the diffusion profile data of Fig. 3 indicating it to be

erfc, the mode index data for the two lowest order modes were fitted

theoretically to the solution of the Ielmholtz equation obtained by a finite

difference method [151. The variable parameters were An and D. Whereas this

procedure works best for guides with two modes, it is cumbersome and time

consuming for multimode guides. In the latter case, however, inverse WKB

method [12] works very well for the well-guided modes and a-prior knowledge of
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the index profile is not necessa-y. Curve 1 in Fig. 4 shows the invcrL-. KB

points and the best fitted erfc profile for a 5-mole waveguide for the process

parameters listed. The values of An as well as D obtained 16y finite-

difference method and inverse WKB agree within 5% and the values of D obtained

by the above fitting procedure _o the mode indices data are in excellent

agreement with those obtained by SEM, electron microprobe, and AAS methods

[Fig. 31.

In order to determine the ionic moblity i, multimode surface waveguides

were prepared by applying external electric field and the data fitted to Eqn.

(11). It was assumed that _n varies linearlv with the dopant concentration

and does not depend on the applied field such that the ot-viously determined

values of An for a given concentration (without external field) could be used

in the fit. The values of the adjustal le parameters D and w were thus

obtained. Curve 2 in Fig. 4 shows such a fit. Two observations can be madc

regarding the results of the fit for curve 2.

(i) The fit is not as good as that for curve 1 (without field). This May

primarily be due to the index profile having a steep slope in whicai case

inverse WKB is known to give erroneous results near the sharp tail

[12]. Similar results were encountered when SEM data [P] was used for

fitting to Eqn. (Ii). Another reason for such an unsatisfactory fit may

be the inadequacy of expression (11) to describe the index profile even

for such low melt concentratlsns. Space charge effects alluded to in

section II and the concentration dependence of the self-diffusion

coefficients may all be responsible for this deviation.
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(ii) The value of inter-diffusion coefficient determined by the best fit is

much lower than that obtained without field (curve 1). This is reflected

in the steepness of the index profile.

Once all the necessary parameters were determined from single-step ion-

exchange, Eqns. (18) and (19), were used for predicting the index profile,

the index peak position, the waveguide width and the peak index change in

buried guides as a function of diffusion time t 2 and electric field E2 used

during the second-step. In all cases, El (electric field in the first step)

was kept at zero. This was necessary to obtain very symmetrical and single-

mode index profiles.

Fig. 5 shows the evolution of the index profile with time t 2 . As time

evolves, the peak index decreases, the profile width increases and the peak

index position moves deeper into the glass. The variation of the peak index

change is plotted in Fig. 6, as a function of t2 for two different fields. It

is seen that the applied field has virtually no effect on this parameter.

Fig. 7 shows the variation of the index profile width W and the index

peak position xpeak with t 2 for various values of E2 . It is observed that

W - , a result in agreement with the experimental data [2] shown by the

full squares in the curve 1. This square-root dependence of i/e index width W

on t 2 is a direct consequence of the diffusion model implicit in (15). The

index peak position depends linearly on time as well as on the field E2 . This

result is tantamount tc saying that as time evolves, the whole profile is

translated by the applied field and the net translation is governed by the

product P E2 t2 .

Waveguide Optimization

Once the diffusion profile was determLned, a finite-difference method

[15] was used to solve the Helmholtz eutiton to obtain the-mode-index and the
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mode field profile. Thus, using NAg and tI as the variable parameters in the

first step (El = 0) and t2, E2 as the ones in the second step (NAg = 0), the

waveguide parameters were calculated. Since the mode field profile of a

planar guide is not a very sensitive function of the index profile, the

corresponding process parameters are not uniquely determined for a given mode

profile. Therefore, it may be possible to obtain the same desired waveguide

performance by a range of combination of these parameters. One such set of

parameters selected to match a conventional Corning SM fiber with mode field

diamete: of 9.8 Wm, is given in Table 2. The planar waveguide thus designed

has mode field diameter We (defined at I points in the field) of 9.8 Pm at thee

wavelength of 1.3t'm. The corresponding normalized propagation constant b

is - 0.5 showing that the guide is single-mode and the mode is well guided.

V. Conclusion:

The concentration profile of silver in glass waveguides was measured by atomic

absorption spectroscopy, electron microprobe, and analysis of back-scattered

electrons in SEM. The surface-index change, the index profile and the

interdiffusion coefficient were determined from measurement of mode indices

using a prism coupler. The interdiffusion coefficient b is concentration

independent at low melt concentrations and excellent agreement was observed in

the concentration (index) profiles obtained by the various techniques. The

profile data of surface waveguide3 were fitted to appropriate analytical

expressions for the solution of the diffusion equation to determine the ionic

mobility and D in presence of an external field.

The surface planar waveguides obtained in the first-step exchange were

buried by carrying out diffusion in the second step with an applied field

without any silver in the melt. The rsuj obtained bytUle proposed simple
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numerical solution of the diffusion equation show that the buried depth

increases linearly with the applied field or the second-step diffusion time t2

and the index profile width varies as Vt , in agreement with the

experimental results. Using these relations, the optimum process parameters

for a desired waveguide can easily be determined. It is expected that these

results will be helpful in designing passive single-mode channel waveguide

based devices with optimum characteristics for 1-0 applications.
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Figure Captions

Fig. 1. Comparison of index profile as given by Eqn. (17) { dotted curve } and by
Eqn.(1) { solid curve 2

T = 30 min, D = 0.15om2/min, for each curve.

For curve 2, w = 5.011m /Vmin, E = 45V/mm

Fig. 2. Schematics of the experimental and theoretical procedure.

Fig. 3. A comparison of the index profile results using various techniques. +AAS,

x SEM, 0 Inv. WKB, * Electron microprobe, --fitted ERFC to the measured
mode indices using finite difference method. W. = 2Vt

Fig. 4. Fitting of mode indices by inverse WKB method. x's indicate mode indices of

surface guides without external field and O's indicate 2data with external

field. Curve 1 is fitted erfc profile with D =20.15 im /min 2and t I = 120
min. Curve 2 represents Eqn. (11) with D=0.04m /min, U=5.Ommi/min El = 45

V/min and tI = 30 min. Silver melt concentration in both cases is NAg
4xlO - 4.

Fig. 5. Evolution of index profile with the second-step diffusion time.

Fig. 6. Variation of peak index change with second-step diffusion time.

Fig. 7. Variation of the index peak position Xpeak and the l/e index width W with
the second-step parameters. Curves 1 , 2, and 3 correspond to E2 = 10, 40,
and 70 v/mm respectively. The data points are from Ref. [2].
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Table 1. Chemical compositiont of Fisher brand glass slide (wtZ.

Oxide Weight%

S102  72.25

Na2O 14.31

CaO 6.40

Al1203 1.20

K20 1.20

mgO 4.30

Fe2 O3  0.03

SO3  0.30

Density =2.4667 glen3
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Table 2z Optimization

T 330 C
X= 1.3pm

0

FIRST STEP SECOND STEP

NAg 3xlO- 4 Mole Fractions E2 
= 75 V/rm

An= 0.012 t 2 
= 50 Min.

E = 0 D = 0.045 im2/Min.

t i  15 Min. o = 5 vm 2 /V-Min.

D 0.14 im2/Min.

WAVEGUIDE PARAMETERS MODE PAR'AIMETERS

W =6.6 um We = 9.8 m

Xpeak = 20 um b = 0.5

An 3.2xi0
- 3

V =3.1
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Buried Low-Loss Fiber Compatible

Single-Mode Ion-Exchanged

Channel Waveguides

H.C. Cheng, H. Zhenguang, A. Miliou,

R. Srivastava and R.V. Ramaswamy

Department of Electrical Engineering

University of Florida

Gainesville, Florida 32611

Abstract

Buried single-mode channel waveguides have been designed and fabricated

by optimizing the two-step Ag+-Na+  and K+-Na+ ion-exchange processes.

Relatively low fiber waveguide throughput loss (<1dB) in 20 mm. long

waveguides was achieved.

Category: Passive Guided-Wave Devices
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Buried Low-Loss Fiber-Compatible
Single-Mode Ion-Exchanged Channel 1Waveguides

H.C. Cheng, H. Zhenguang+, A. Miliou,
R. Srivastava and R.V. Ramaswamy

Department of Electrical Engineering
University of Florida

Gainesville, Florida 32611

+Permanent Address: Changchun Institute of Fhysics,Ghangchun, China

Glass waveguides made by ion-exchange techniq ue a re potential candidates
for integrated optic applicat ions such as power dividers, star couplers and
multiplexers. Although recent reports [1] have demonstrated significant
progress in understanding of the basic ion-exchange process, and in the
fabrication of low-loss waveguides and I-0 components, the structures have not
been optimized for a given application such as 1.3,'im operation of single-mode
fiber communication systems. Most of the work reported to date has been on
surface channel iwaveguides which are shallow, lossy and incompatible with the
fibers.

In this work, we report for the first time a systematic study of the two-
step ion-exchange process for fabrication of symmetric low-loss single-mode
channel guides optimized for 1.3 '. Both Ag+~a swl sK~a ytm
are considered. The 2-D diffusion process is modeled and the results show an
excellent agreement with the measured index and modal profiles. Side
diffusion, space charge effects and presence of external field are considered
in the analysis.

Ak+ -Na+ Channel Waveguides

Previously determined vyalues of the surface-index change (An),
interdiffusion coefficient 0D) and silver ionic mobility (p.) in planar guides
made in a soda-lime glass [21 were used to design channel waveguides of the
desired index profile. First-step ion exchange was performed at 26000 for 24
hours in a molten mixture of 70% NaNO 3 + 30% KN03 + 1 x 10 4 11F AgN0 3.- With
channel opening widths of 2-10 urn, this yielded 4-14 iun wide and -~4 wn deep
guides with asymmetric profiles caused by the side diffusion and the Index
discontinuity at the air-glass interface. A second-step ion exchar.ge from
pure NaNO 3 with an applied field of 25.0 V/mm for 230 minutes was subsequently
performed at 330%C to bury the guides below the surface, increase the
waveguide depth, and obtain a nearly circular profile. The resulting
waveguides were characterized for the mode-field profile and attenuation. The
results are shown in Fig. 1. An extensive modeling of the diffusion and modal
profiles by solving the pertinent non-linear 2-D diffusion equation with
appropriate initial and boundary conditions has been performed and the results
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are correlated with the experimental data. The relatively small fiber-
waveguide coupling loss (<0.1 dB) is attributed to the high degree of mode
compatibility achieved.

£?-Na+ Waveguides

In this case, three different glasses were used. Planar surface guides
were first fabricated to determine the index profile and the temperature
dependence of D in each case. The measured index profiles in the three
glasses were fitted to the solutions of the I-D diffusion equation in order to
explain the differences in the profiles as well as analyze the discrepancies
existing in the literature regarding their origin [3,41. Next, planar surface
guides were prepared in the presence of an external field (lOOV/mm). Due to
the presence of the space charge, a drop in the ionic current was observed as
the ion-exchange proceeded. The data points in Fig. 2 show this behavior
which was modeled for the first time by taking into account the difference
between the mobilities of the two alkali ions. The theoretical prediction is
given by the continuous curve in Fig. 2, indicating an excellent agreement
with the experimental data. Since the diffusion effects were found to be
negligible, the depth (W = wEt) of index profile (Fig. 3(a)) was used to
calculate the mobility of the K+ ions in the glass.

The index profiles of the surface and buried channel waveguides are shown
in Fig. 3(b). To the best of our knowledge, this is the first time the K+-Na+

process has been used to produce buried symmetric channel waveguides. Our
results are in contradiction to the published reports [5] indicating that
K+-Na+ waveguides cannot be buried by a second step ion exchange. Mode field
profiles and attenuation were measured at 1.3 im. The loss figures are given
in Table I. The resulting mode field profiles are almost circular although
the degree of circularity is not comparable to that in the Ag+-Na+ case. An
improvement of 0.65 dB in total throughput loss in -2 cm long waveguides was
achieved as a result of the second step ion-exchange with applied field. The
distinct differences in the index profiles obtained using the two cations as
well as the details of the modeling and correlation between the theory and the
experimental data will be presented at the meeting.

This work was supported by AFOSP contract No. 34-0369.
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Table I. Loss In K+-Na+ Channel Waveguide.

BK-7 glass. X = 1.3 Pm.

Surface Waveguide Buried Waveguide
(17.4 mm) (20 mm)

Fiber-waveguide 1.60 dB 0.96 dB
Total throughput loss

Reflection at 0.13 dB 0.18 dB
the output end

Fiber-waveguide 0.34 dB 0.28 dB

mode mismatch

Propagation 0.62 dB/cm 0.25 dB/cm

1: FIRST STEP W/O FIELD

2: TWO-STEP W/ FIELD

8 4--H *........... . . .1

. ..... ..

6 V1 1.4
LU---------

O LU

4

3 45 6 9
MASK WIDTH (pn)

Fig. 1. Variation of l/e mode intensity width with mask width. It -

horizontal scan (along the guide width). V - vertical scan (alona

the guide depth).

258



PK  - 1'.V--} / Vin

"a ICO V/= 2
0) 10 % NaNO 3
L_ 90 % KIO3
L 3
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Fig. 2. Variation of ionic current in K +-Na + ion exchange with applied

field. * data points, fitted curve.

WAVEGUJ= WAVECIE .

z
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[, 'u ] }fa) ,

Fig. 3(a). Inverse WKB index profile of planar surface guide (3300C,

82 min., E = 100 V/mm).

Fig. 3(b). K+ concentration profile as measured by electron microprobe.

* surface guide, 380C & 345 min.

o buried guide, 330*C, 82 min. & E = 100 V/mm.
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Process and Waveguide Parameter Relationships for
the Design of Planar Silver Ion-Exchanged Glass

Waveguides
RAJENDRA K. LAGU AND RAMU V. RAMASWAMY, SENIOR MEMBER, IEEE

Abstract-In this paper the experimental results of diffusion studies been shown that the silver ion diffusion can be described
and modal characterization of Ag'-Na" exchanged glass waveguides theoretically by a concentration-dependent one-dimen-
are presented. Empirical relations between the process and the device sional modified Fick's diffusion equation [10], [11]
parameters are derived and subsequently used to formulate a s'stem-
atic procedure for fabricating single- and multimode waveguides. ac a a -/aC"at = x , x ,J(1)

at ax /
1. INTRODUCTION where C is the concentration of the diffusing ion and D is

ON-EXCHANGED waveguides have received consid- the interdiffusion coefficient defined by
lerable attention recently and they are expected to form
the basis for passive integrated optical devices. Several = D4D (2
monovalent ions such as TIV [1], K' [2], Ag' [31-[61, N4 DA + NoDg
have been used to form a high-index layer on the surface
o! glass slidcs. A recent electrolytic technique [7], [81 and

provides opportunities for precise control of Ag concen- CA
tration in the salt bath 19], leading to fabrication of de- NA mole fraction of silver ion = C+

vices with reproducible characteristics. This is quite im- C 4 +
ponant because glass waveguides. being passive, cannot C,
be tuned electrooptically to compensate for fabrication er- NA  mole fraction of sodium ion = -

rors.
The guiding characteristics of a planar waveguide de- where D4, DR are the self-diffusion coefficients of silver

pend upon the device parameters such as the maximum and sodium iuns, and CA. CR are the silver and sodium
index change. index profile, and the waveguide depth. The ion concentrations, respectively.
device parameters, in turn, depend upon the process pa- In the fabrication of ion-exchanged glass waveguides,
rameters such as the diffusion temperature, diffusion time, the silver ion concentration is very small, i.e., C, <<
and Ag' concentration in the salt bath. To design a wave- Ct8 . Therefore, N4 - 0 and NR approaches unity.
guide supporting a specific number of modes, it is nec- Under these conditions, the interdiffusion coefficient
essary to determine the relation between the process and D) in (2) becomes the self-diffusion coefficient of the in-
the waveguide parameters. Such relations, empirically coming Ag', namely D4. In addition, as C, is quite small.
derived and reported in this paper, are useful in the design it is reasonable to assume the diffusion of silver ions into
of single and multimode planar Ag* diffused glass wave- the substrate remains unaffected by the presence of al-
guides. ready diffused silver ions. In other words, D4 is indepen-

dent of the position x in the substrate. As a result, (1) now
II. DIFFUSION EQUATION simplifies to the well-known diffusion equation

The process of interdiffusion of sodium and silver ions ac aC
in glass has already been examined in some detail. It has -- - D (3)at ax"

Manuscript received May 10. 1985. revised August 19. 1985. This work where we have omitted the subscript A in the diffusion
was supported in part by the Air Force Oftice of Scientific Research under coefficient for the sake of simplicity.
grant AFOSR 84-0369. The diffusion was carried out in a mohtn NaNOI bath,
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versity of Florida. Gainesville. FL 32611. He is now with the Department containing the electrolytically rcleased silver ions 17], 18].
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IA 52242. fusion since the number of silver ions diflusing into the
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centration of Ag at the liquid-solid interface is constant A He-Ne laser (X 0.6328 lm) was used for the mode
at all times. Initially, the Ag* concentration is assumed index measurements. The bulk refractive index ni, was
to be zero in the entire substrate. Under these conditions, measured using an Abbe' refractometer and for Lannmate
the diffusion equation has an analytical solution 1111, glass n = 1.5125. Thus at X = 0.6328 Am

given by V = (3.454 x 107) ItAn. (8)

C(x, ) = C, erfc (x2_N-t) (4) The normalized propagation constant b, for a guided

where mode in an asymmetrical graded index waveguide 114] is

Co concentration of silver ions in the bath, defined as

D self-diffusion coefficient of the silver ions. b,,- N,, -(9)

Planar waveguides fabricated in this manner exhibit a n- n

complementary error function index profile. The propa- where
gation characteristics for this highly asymmetric profile
have been determined by the numerical integration of the N,,1k, mode index for the mode of order m,

normalized mode dispersion equation [ 12], 1 131. We have b, propagation constant of the mode of order m,

used these analytical results to fit our experimental data ns surface index = nh + An.

in order to link the process and the device parameters. For small index approximation (which is valid fur our

II. WAVEGUIDE CHARACTERIZATION glass waveguides). An << n,, so that

Several sets of single-mode and multimode waveguides b, = N b (10)
were fabricated using Labmate microscope slides for dif- An

ferent values of the process parameters C. (Ag' concen- From (8) and (10). it is seen that for a given glass sub-

tration in bath) and t (diffusion time). For a particular strate and a given wavelength of opuidtlon, Vis a function
htch -a knownn vlliie of C',, wi, oner.td using the _ nf D, _An, and !, ,hereas b, depends upon An and the
proved electrolytic technique 181 and waveguides were mode index N,. Of these parameters. N, and ni, are de-
fabricated for times ranging from 20 to 120 min. Prism termined experimentally and t is also known. An depends
coupling technique was used to excite the modes in order upon C,. the concentration of Ag' in bath. Thus, a set of
to determine the mode indices. An iterative computer pro- waveguides fabricated with the same C, but with different
gram was written to estimate the diffusion coefficient D t have the same An but different depths, hence different V

and the maximum index change An. The procedure is de- numbers. The computer program reads as its input data
scribed as follows, the mode order in, the mode index N,,. and the diffusion

Assuming small index change between the substrate and time t for each of the mode in a set of waveguides with
the peak surface refractive index, the V parameter is de- the same An. The diffusion profile for these waveguides
fined as 114) as evidenced by the backscattered electron SEM analysis

Ag profile [15], [161 is the theoretically anticipated
V = kd,/2nbAn (5) complementary error function and contrasts the exponen-

where tial function profile determined by the measurement of

k 27r/X, free-space propagation constant, mode excitation angles and the use of inverse WKB

X wavelength of operation, method by Imai et al. [171. A min-max error algorithm

d effective waveguidc depth, is used for fitting experimental data to the theoretically

nb bulk refractive index of the substrate, derived b-V characteristics [12], [13], for the comple-

An maximum change in the refractive index. mentary error function index profile [15] of these wave-
."g-a guides. To start with, for each sample, values of An and

As described previously, the interdiffusion ofAg'-Na' , D were initially guessed and V was calculated from (8).
for low concentrations of Ag*, reduces to the simple case For this value of V, using the theoretical analysis 1121,
of self-diffusion of silver ions into the glass substrate and [ 131, b, was estimated numerically for each of the allow-
therefore, the interdiffusion coetficient /D approaches the able modes. On the other hand, for the same An, the nor-
self-diffusion coeflicient D. This fact has been experi- malized propagation constant b. was also calculated using
mentally determined by independent diffusion studies and (10). The error is defined as the largest difference between
the results are presented elsewhere [15]. the value ofb,, calculated from the b-V characteristics and

For complementary error function, the depth of diffu- that calculated from (10). The values of An and D were

sion equals the waveguide width d and is given by then varied over a prespecified range and the error cal-

d = 2,fD. (6) culations were repeated. The error contours were then

Thus plotted in the An-D plane. Fig. I shows a typical error
contour plot corresponding to a mole fraction concentra-

4 (7) tion Co of 1.6 X 10-" and diffusion of Ag' at 338°C for
V X 2nDAn. ( three modes. The contours show that the error has a nin-
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2(Ai '/n°) An = 26.5Co (11)

where Co is expressed as the mole fraction of silver ions
in bath.

Equation (11) provides an important link between the
device parameter An and the process parameter Co. This
empirical relation is valid for Labmate slides used as sub-
strates in our experiments. If we were to assume that in-
deed A---Na- exchange is taking place. any change in
weight fraction of NaO in our different substrate would

0_ require redetermination of the linear relationship between
0.5 ,An and Co. In addition, other cations, e.g., Ca . may

alter this behavior as well. However. for the weight frac-
tion of Na:O, in the neighborhood of 10-15 percent, the
estimate of An/C,. established by (11) is valid [16].

IV. DIFFUSION COEFFICIENT

To estimate the variation of the diffusion coefficient D

0.2 with temperature T. using the improved electrolytic re-
0.0 0.005 o.01 lease technique, three batches of waveguides were fabri-

,,. cated at 338. 354. and 360'C. The diffusion coefficient
Fig. I. Error contours in the An-D plane %ith the error in the normalized at these temperatures is estimated by the computer pro-

propagation constant h, between the theoretical and experimental .alucs gram mentioned above. The variation of D with T is given
for three modes. by an Arhenius type relation 1101

__ _ __ _ __ _ __ _ _ __ _ __ _ __ _ _D(T) = D0  e
-aH 'RT 2)

0.05 
LM =D)e HR

where

AUH activaition eneru, .
0.04 R -as constant (8.314 J/K ° • mole).

£ Taking logarithm of (1I). we have
S

0.03 In D = In Do - (AH)IRT. (13)

Thus the slope of the curve In D versus (lIT) gives the
value of' AHi'R. As shown in Fig. 3, AH is estimated to

0 -be 8.933 x 10 J and the diffusion coefficient
=gDo --1. 1906 x 10-  (m2/sec).

0.01 -Since for the glass waveguide fabrication, the diffusion
time is of the order of tens of minutes and the diffusion
depth is of the order of a few -- icrometers, D is expressed

o.0 0 1 1 0 3 1 0 in square micrometers per rni'ute. The temperature range
is rather restricted, as NaNO, nielts at 307'C and decom-

Ae
+ 
Molar Concentration Co (x 103) poses at 380'C. Using the above value of Do and AH in

Fig. 2. Surface index change In versus Ag4 concentration CfoirLabanile the Arhenius relation (equation (12)), D versus T is plot-
glass+ ted over the relevant temperature range ard is shown in

Fig. 4. It is seen that the curve can be approximated by
imum and the values of An and D corresponding to this two linear segments with a transition around 353'C. Be-
minimum are the best estimates. This procedure gives yond 353'C, D changes rapidly with Tso that in this re-
same set of values of An and D for each mode. gion, the temperature fluctuations during fabrication will

Several waveguides were fabricated with different con- cause significant changes in D resulting in a large varia-
centration values and using the above procedure. An was tion in the guide depth d. This indicates that the diffusion
estimated for each Ag+ concentration. The relationship temperature should be chosen botween 307'C and 353"C.
between An and Co is shown in Fig. 2. The curve in the During the experiments it was observed that a temperature
region where the value of Co is small is essentially linear, gradient of as much as 20'C can exist in the hath 191. and
For guides with small number of modes (less than six hence, it is recommended to choose 330 0 C as the dif-
modes), the relationship between An and C, can be ap- fusion temperature, which is sufficiently higher than the
proximated as melting point of NaNO 3, viz., 307'C.
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0.0 The normalized dispersion equation for an asymmetri-
cal graded-index planar waveguide is given by [12], [13]

Slope 0'H 10750 ' (

nV I f(x' - Il' di: (m + 1) i (15)

- 1.0 o - n .Fracmlmnayerrfnto rfl
where x; is the normalized turning point. At cutoff, x; -

0 oo and b = 0. For a complementary error function profile
In D f(x' ) = erfc (x' ). Therefore. V.,,, the value of V number

at cutoff of the nth mode can be written as

2.0 Vi,',, e (4m') +' (4m (16)
0 4

Since erfc (x' ) is a monotonically decreasing function with
increasing x'. and erfc (2) = 0.0005, to reduce the com-
putation time, we can limit the integration range by using
the approximation

- 3.01 o, o oo, o oo,_ o oo,_ ____
0.0015 0.0016 0.0017 0.00176

1/T (°K-1) erf, (') dr' - e verfc (x') dx'. (17)
Fig. 3. Estimation of actliatton energ, AH from In D "ersus I, T plot

(Labmate gla,). The integral on the right-hand side of (17) is evaluated
numerically and its value is found to be 0.89. Thus

o.e8 (4m + 3)r
(0.89) v/,,, - 4 (18)

0.51 From (6). (7). (1). and (14). for X = 0.6328 gm, ni,

1.5125 and D = 0.129 /m-/min

V = 63.85vt0o. (19)

From (18) and (19), the cutoff value V,,, can be eliminated
E o.3(4m + 3) r" V, ,m - - (63.85) (t'7 0)c,,of,. (20)

o 4(0.89)

0.2 Co and t in the above equations correspond to those values
of diffusion depth and .1n which give the respective mode
cutoff. Thus. the cutoff condition for mode m dictated by
the process parameters t and Co is

I ' 1 I ' "e)cutoff = 191 X 10- 4 ) (4m + 3) 2.  (21)
300 310 320 330 340 350 360 370 380 390 400

T I..C For various values of in. the relations between t and Co as
Fig. 4. Diffusion coefficient D versus temperature for Labitate glass. given by (21) are plotted ih Fig. 5. Since these curves

distinguish the regions of various modes, the design can

At 330*C, the diffusion coefficient D = 0.129 gme2/ be done entirely using the process parameters, making the

min. Substitutine this value in (6): device parameters invisible in the design procedure. For

m . ub t tu in t i v 8n ( exam ple, fo r a g iven tim e o f d iff usio n (as decided by the
d = 0.718,/t. (14) required waveguide depth), one can find the value of Co

Equation (14) provides the second important link between which keeps the waveguide single mode. Generation of

the device par2meter d and the process parameter t. This this value of Co can be done precisely using the electro-

value, derived from modal characterization. agrees with lytic process 17], 18]. The inherent capability of this pro-

that estimated from the diffusion studies, presented else- cess to generate arbitrary values of C, can likewise be

where [151. used together with these curves to fabricate waveguides
supporting a specific number of modes. Neglecting the

V. Di:s(;N PROCEDURE material dispersion effects, the relation between An and
C, given by ( 11) is essentially valid for other wavelengths

Using the relations given by ( II) and (14), a systematic as well. Thus, similar design curves can be plotted for any
design procedure is formulated as described below, other wavelength, e.g., for X = 1.32 jm as shown in Fig.
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100 VI. CONCLUSIONS

5 Mod... We have presented the results of an experimental study
of modal characterization of planar waveguides fabricated

80 - using Ag* diffusion into glass substrate. With the help of
4 Modes a numerical solution for a graded index (erfc) waveguide,

uj
the guiding characteristics were used to estimate the de-

z vice parameters, viz., the maximum index change and
60 the effective guide width. Using an appropriate diffusion

z
3a Mo, model, the dependence of the diffusion coefficient of Ag'

w in glass and the diffusion depth on process parameters,
viz., diffusion temperature and time were estimated. The

Z 40 resulting empirical data were used to establish the links
2 M.de. between the process and the device parameters and to for-

- mulate a systematic procedure for fabricating glass wave-Sguides supporting a specified number of modes.
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A Variational Finite-Difference Method for
Analyzing Channel Waveguides with

Arbitrary Index Profiles.
RAJENDRA K. LAGU \NI) RAMU V. RAMASWAMY, SLNIOR MEMBER. IFEE

Abstract-A sarialional, finite-difference method for computing the The waveguides used in practice are often made by dif-
normalized propagation constants and the normalized field profiles of fusion which results in channels with index profiles (typ-
channel , aseguides with arbitrary index profiles as %%ell as aspect ra- ically Gaussian and complementary error function) which
tios is presented. Mode dispersion curves and the field profiles of the
fundamental mode of channel iaveguides having profiles of practical are not amenable to analytical treatment. Numerical
interest are included, methods, on the other hand. give solutions which are ap-

plicable to specific waveguides. and recomputatlon is
necessary if the waveguides' parameters are changed. If

I. INTRODUCTION the associated Helmholtz equation can be normalized prior
T HE analysis of channel waveguides plays a significant to the numerical solution, the results will turn out to be

role in the design of integrated optical devices since fairly general and applicable to any graded index profile.
channel waveguides form the basic building blocks of We have used this approach to calculate the normalized
many devices, f V ,_ directiona-,l couplers. ccctroopic field profiles of a highly asymmetrical, planar graded in-
modulators, switches. etc. The channel wavecuide mode dex waveguide [11]. In this paper, we extend it to channel
dispersion is crucial to the device design because repro- waveguides with arbitrary index profiles. The reported
ducible fabrication of these devices needs a prior knowl- method has the following advantages.
edge of the waveguide modal behavior. A number of I) It accepts anv index profile, even if it is available at
methods for analyzing both step and graded index wave- discrete points. The method, therefore, can directly use
guides are already available in the literature. Goell I II has the results of diffusion simulation, in which case the index
used circular harmonic analysis for a step index channel profile as obtained from the numerical solution of the two-
immersed in an infinite medium of lower index. Marcatili dimensional diffusion equation is available only at dis-
121 has analyzed the step index channel by ignoring the crete points.
fields in the comer regions. This approximate analytical 2) It solves the normalized Helmholtz equation so that
solution gives accurate results for waveguides far away the results are applicable to all waveguides of a given in-
from cutoff because the field in the comer region of such dex profile.
waveguides can indeed be ignored. Neither approach 3) Most importantly, unlike other numerical tech-
mentioned above, however, is applicable to graded index niques, it accepts various waveguide aspect ratios without
waveguides. Schweig and Bridges [3] have reported a fi- any additional reformulation. This feature is important
nite-difference method for computing mode dispersion of because the aspect ratio of a practical waveguide depends
step index waveguides. Hocker and Bums [4] have ex- on both the diffusion depth and the waveguide width.
tended the effective index method [5] to graded index which in turn depends on the lateral diffusion. Thus, the
waveguides; other approaches to graded index wave- aspect ratio usually has a value other than unity.
guides include Yeh's finite element analysis [6]. Pichot's Therefore, the approach is applicable in the evaluation
method based on vector integral equations [71. and the of channel waveguides with a given depth, and any aspect
variational method reported by Matsuhara [8] and Taylor ratio, e.g.. two-dimensional tapered waveguide transi-
[91. None of the above methods, regardless of the ap- tions. witheut extensive recompilation.
proach being analytical or numerical, provides normal- The numerical approach presented here involves a com-
ized solutions for channel waveguides of arbitrar' index bination of both variational and finite-difference tech-
proliles and aspect ratios. niques. The straightforward finite-difference approach to

solve the normalized Helmholtz equation requires a large
number of subinterv'als since for that method, the field is

Muork ap suppci.ld Niy a grant Irom AFOSR rCsinlr ct .4-01.9,. discontinuous at the subinterval boundaries. For a reason-

R, K. Lagu was with the I)cpartment ot Electrical Enitinccrin'v, Uni- ably accurate solution, it is estimated that at least 50 in-
sersily o1 I-lorid,,. Ciatnesvillc. El. 32611. Hc Is no\% s ith the Dcpartmcnt tervals will be needed along the x and v directions. This
ot Electrical t.ngincerin . tioivcrsit of Iowa. Iuo .t Cia\ . t \ 52242

. V. Raoias, ati is wilh tic )cparliicnl oft Ecci.rical Engineering. will result in matrices of size (2500 x 2500l and the nu-
Unisersi., of ilrida. (i.ncss ,lic. FL 321 I nicrical computations such as matrix inversion will be vir-
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nc Cover N
2 
- n ,b = (5)

n b d n(xy) Substrate n, - (5)
Waveguide x and

.- W y V =2 d(n\ , - n,)' (6)

z y

i-. I. A step index channel ,avcguidc for graded index channel ,ae- where
guides the boundaries are nonextetcnt. N = mode index and

ually impossible. In the variational approach with bilin- C= wavelngth of operation.
:ar interpolation, the field is continuous at the subinterval These normalized variables can be used to convert (3)
ioundaries, and with as low as 14 subintervals in the x into a normalized partial differential equation:
nd Y directions, quite an accurate solution is achieved. I a2E a2E

II. THEORY r v' + + V2[f(x', ') - b]E = 0. (7)

1. Normalization B. Variational Formulation

The step index dielectric channel waveguide under con-
,ideration is shown in Fig. 1. Obviously, for diffused The vainattonal formulation converts the problem ofchannel waveguides. there are no sharp boundaries be- solving a partial differential equation into that of finding
:weene waveguide and the substrate as shown in the the maximum of a functional involving integral., in ad-iure.nthtase. the w idh and the substratep sho uld i dition, the variational approach typically converges more
figre. In thacase, the width and the depthsion dehd quickly than the direct finite-difference method. Since nu-
e taken as the diffusion width and the diffusion depth. merical integration is inherently stable, the variational

esictex poiformulation eliminates the problems of instability asso-
The index profile can be expressed as ciated with the numerical solution of partial differential

n(x, y) =n , + An f(x, y) (t) equations. Matsuhara [8]. Taylor [9]. and Korotkv- et al.

where f(x, v) is the normalized index profile function [10] have used this approach to solve the Helmholtz equa-where takeis thle normzee 0 ndex 1. ofitle functrin tion (3). We apply this method to the normalized Helm-whic taes alus btwen 0 nd . Fr te sbstateholtz equation (7) in order to obtain the normalized so-region, takes vaue = bn,:teenoe f0 and 1. he sustea o tqain()i re o bantenraie oregion, n(x. ) = f: therefore. f(.%:, N.) 0. The peak of lution directly. The method is described briefly below.
the index profile occurs when f(x, v) = I and the peak We define a scalar functional
index is given by n = n, + An.

Assuming a small index difference, i.e., n << ,, the ' (E aE aE, x', ) dv'  (8)
modes supported by this waveguide can be divided into a = FE, x '. Y' 'd (

two groups: D

1) quasi-TE modes in which the primary field compo- where x', v' are the independent variables and E is the
nents are E,. H,_ and H. dependent variable. The integration is carried out o% er do-

2) quasi-TM modes in which the primary field com- main D in the (x'. y') plane and the boundar, of the do-
ponents are E,, H,, and E.. main D is considered fixed for all variations. The surface

For quasi-TE modes, the field E, can be expressed as E(x', v') which extremizes the functional t can be shown

E, = E(x. Y) e-10:.  (2) to be the solution of the Euler-Lagrange equation [131

The field amplitude E(x.) satisfies the two-dimensional aF a (aW) a (a) (9)
scalar Helmholtz equation aE d a' ) & r' (aq9

aE ae2E where p = aElav'andq aEla'.
a- + - + [kn 2(x, ) ]E = 0. (3)lfwechoose

The following normalized space variables arc defined: F IV(.r', y E2 - (aE) - (aE V

=X ./d

= y/w (10)

r (4) then the Euler-Lagrange equation for this choice of F be-
comes the normalized Helmholtz equation (7).

where x', Y'. and r represent the normalized depth, width, Thus. any E(r', Y') which extremizes 0 is the solution
and the aspect ratio, respectively, of (7). and hence is the normalized field profile of the

The V and b parameters are defined in the usual way as channel waveguide. The variational formulation thus con-
[12] verts the problem of solving the partial dificrential cqua-
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tion (7) to 'he problem of extrcmizing the functional o or
hin h\ / - (X*) 6J = 0. (21)

= ,, V-, ) • - \,(" - (E- Comparison of (15) and (21) yields

X* = Vb. (22)

(! dv r' (11) For a given V, we have thus found the normalized prop-

agation constant h in terms of the parameter X* which can

From physical considerations, the helds in an optical be shown to he the extremum value ofl/J. In other w.ords,

waecguide vanish at infinitv. This provides a boundar we have converted the problem of solving the partial dif-

for this variational problem. In other waords. the required ferential equation (7) into that of extremizing IJ , here I

boundars of domain D , hich is fixed for all variations is and J are given by (12) and (13). respectively.
contained in the tact that F should be identicalls zero on To proceed with the extremization of l/J. it is necessary

this boundan, to make an approximation for the functional form of the
Since the field deca s exponentially in the substrate and normalized field distribution E(v', yC). As seen from ( 12)

Sic wh il ea xoetal ntesbtae n n 3,Jdpnso -,N') k.hile I depends on both
the cove-, it is reasonable to assune that the field vanishes and (13). J depends on Etx ', "
at some finit, point. This assumption is necessary to econ- E(x ') and the index profile functionfjC, v').

omize on the numerical calclations, and hence tMatsuhara 171 and Taylor 18] have expressed the fi.eld

puter time. profile E(x. Y) as a linear combination of a finite number
We now describe the steps involved in the extremiza- of parabolic cylinder functions. Since they did not nor-

tion of o given b, (8). We define the functionals / and J malize the Helmholtz equation, they deal with the field
r, , - rah lr th en rh o n rm li/ed fild prot'1, F- r'

v'). The finite series is ,,i\en by

V\i - 1- 1 / 1
i)

" r (23)

- ) dv' (121 where ) and D, are the parabolic cv)inder functions of

order i arid j, respectively. The factor (27,7i .','. ) it used
I',"~ to normalize the modal functions. a,... . and )7 are deter-

J 1: v ' m tined by stationar\ conditions. To account for the tact
1) that the peak of the field occurs wNithin the wavecuide at

some finite depth rather than at the surface. Ta\,hr has
Substitution o! (12) and (13) in 1 gives, the lollosinlg introduced the term x,, in the arguments of D,.
equation for 0: Schweig and Bridges [31 have reported a computer

o =).I. (14) alvsis usig a variational approach where they have de-
lined a mesh that covers the region of integration and ex-

At the extrernum. bo 0. so that press the field using a four-point Laplace operator. s\.th
51 - (0'"b) V = 0. (15 the assumption that the index is constant inside each cell

of the mesh. Thex have applied their method to a step
We define a scalar function X (not to be confused with the index ,.aveguide and have shown that their solution corn-
wavelength X,,) given by pares quite ) )ell to that of Marcatili 121.

To make the task of numerical computation e:,sicr and
X I- /. (16) to allov index variation in the region of inte ration. \wc

This function attains a stationary value ." Mlien chos.e to represent the field using bi\ariate interpolation.

As shown in Fig. 2. the s.avecide ..IBCD is surroundCd
6XI , = 0. (17) bx a bounda:-.' PQRS s here the modal field is assumed to

Taking differentials in (16). we cet vanish. For N,\ell -guided modes, the fact that the field de-
creases rapidl, in the substlate and the cover (although

J51 ~-161
6 X. .- (18 more rapidly in the cover for the hiehls as miiictrical

case) lUstifies this assunption. For modes closer to cutoll.

Comiparig (i 17) and (18). we obtain the folloin, con- ob) iously , the boundary I'()RS needs to be extetided much
l tariher from the \\aveeuLide. To illut-ate the method,

dition at the extreiiiuni of X:
consider a square grid dra\\n inside the box with 14 ross N

J6/ - I6/ = 0 (1 ) and 14 columns. The field is defincd at the grid points as

vhich can be rewvritten as show n in Fig. 2. Thus, we have the field specified by veC-
tor / (I), )2) ... 1( 196)1. Inside the grid, the field is

I - (, .1 (0 (20) expressed as a hilnear interpolation of the four grid point
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P Q boundary PQRS (and beyond) we Let

S; J E(C. - '),L'CH, = E (-'. Y') d r'd.'.

, i ( 2 5 )

______ IA- The inteeration over the rectangle PQRS can be expressed
as a summation, givin,- the follo,ina relation:

C I

subsirat ii ! i where Sj, is a single square cell with side h (as shon in
IIusrt I E(196)l Fig-. 3).

L 1I i : 1i i The above integral (26) can be evaluated in tems of the
S R values of the E field at the corner points of a single cell
- 2 Channel aaeuije 4B(tI) ',irr'unded b' the hLjndaF P.RS and then summed over all cells. Thus. we can write
.'.here the held '.,nihes the ,.rd point-, corrc,.piindin t, , 14 x 14
.quart gro represent ilh I6 h1 , hMeld dICNas hon n E

2
.r'. v') dr"dv' = \j [E,,"x '

-- E,,,vh - x')

.IN . - h - .
E0  Eh+

i n t., 'Uh - ')[ j d dr

t-

9

It"-

(0,01 fh) 18- (E E n,, + ,,,E,

EO
0  E h

0

fHg. 3 Expasnded square cell (,,hdded h'x in heg 2 used if1 the bis'-,arte + E,, ,E. E E h)

mlcrpomon i2

Nalucs [141. A typical square cell (shown in Fig. 2 as a -6

shaded box) is expanded in Fig. 3. The field distribution (27)
fo points inside this cell is ritt iS asThe expression for I i, more ;M\ olved because it has com-

1 plcx terms such as I"/( ' 1;., OF la .k ' and aog F v

'., ' ,r''- 'las indicated in 1 12;[ Thc partial dcrivati\e O Fa-. ii i is

L<,l (24i - c xpressed as [14'
dF I

Since this fonn of incrpOltion is linear on each lul k of IL F , t - \")
the net. it provides I ', \') which is continuous on the at, h-

\hdole region. W e sclect 1:(., '. \'I to ,anish at the nodes .,.\' - A, i - .\'[. 2,
(Oi thie bOtndar,, QRS. so) thA It ai.tiiiiaiicall, satilCe.

tile h undarv condition. .\ sili r cxprcssion s r, IItIct for (cf ntor '
The term t':/ 'i is \ritt,n a,,

C ,'wiw' rtti' .So/hiio~i

W ith tie detinitioni O the "(ljart -rl and the ficld at . Illh . l/t I ' J,. '\ ' ] h,,(i - "I

the grid spoinls. it I possiblc 10 cxpress the n lera, tune- h
tions I and J as '-,tsm llnm ons (t ilicir %altICs Oil a si le , '(/ I it  -'llt - "

square cell.
Since '%~ C a,,,utted the hli e t) I('.s ili oin the O.n ", f .Ih - 1 '+ .. 01C .Ii

C:6
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where A4 and B are real symlmetric matrices and U is a
vector containinu the , alues of the field at the grid point,,,

NWI N NEie.

J ___ KU IF(I . E(2), E. 196)].

Now X is expressed frvom ( 16) as

X = Iji = (UTAU(I(U!BU). (32)

SIN S SE For iven matrices A and B. X is a function of the vector
U and its stationary- value X* is given by the condition

Fig. 4 G;ridi point :id correspoinding eqnht niearest ncmnhNors amnd their no) -ax

tdliimf ii'cd lt smiiphl the (m unilldtin tier the tour '.qLJ.ire cell, int tiri au
M th fid Nmluc, at the nnai ruicl,,i ...r, tho~t miriwc I-iG)

Differentitat inu (32) and substituting in (33). we get

The abov e expression is integrated over a unit square ceid AU = X*BU. (34)
to obtain the result inl terms of the .alues of the field at
the corners (i.e.. E,,. E,,,, E,,,. and E,,. and the Values Of Premultiplving both sides of (34) by B -', we get a ma-
the index at the corner (i -e..,>.f~ . and f,!,) The trix-ei en%"alue equation
expressions are too lon,- and have been omitted for the
sake of brevitv 'B '. )U = X* U. (35)

Thus. the inreuralh of functions I ( 12) and J ( 13) over
a sinefle cell are sumlmations invol,,ing the square terms For a given set of wvaveguidie parameters. namely the in-

7.E;,. E;,. Ell.. and the cross-) :-oduct terms f_,, ,,,. dex proilef(x'. V and the V number, the matrices A and
EL;, E,, etc. B are found by- evaluatina the summlations for the func-

To calculate the inteerals over the entire recioni hounded tions I and J as Outlined before. Then X* is found by cal-
by PQRS. these summations are added over all the cell,, culating the eleenValues of the matrix (B - A) and (22) is
in PQRS. Thle housekeepine, involved in the summationl used to calculate h fromn X*.
process is ven.' complex. and the follossinc scheme is used (B 'A) is a ( 196 x 196) matrix, and therefore has 196
to simplify thle same. As shlown in Fie._ 4. correspondin2e igenvalues. We are interested in linding! onIN those el-
to a grid point G, eight nearest neiebbhors are defined and (CenaILues which correspond to the mode propacation con-
denoted by th, ir directions. In termis of the field \aILues at stants. Since 0 :S , :5 I. from (22) we see that the onls
the nearest neiehibors. the summation over all four cells values of X* that lie between 0 and V' corspn lt h
involvine_ the hield E G) at point G 11from (27)! is e\- modes otf the waveuuide.
pressed as. For numerical computation of' the cicen Values of a mia-

trix. simple algorithnms are available to hind the larueest
~;2 x' v' igenvalue, such a~i thle power method. This method can

be modified to hind thle eroenvalues betwecen the ranee ()-

p.mm G V2 as follows.

12In general, for any matrix . if~i1  j. . are:
- G' H)+ J0+ F.' its eigenvalues ss di eigenveCtOrs U1, 1-1- U, U\,

IXthen the matrix (A- - il) has thle same eireen\ ectors,

con esponidin , to thle eigenvalte te n 1 n hn
21-*( V) + h(L ENII tie pvefmetlhod, applied to (A - 1 conserees to

thle cigen saluc e ino
f (IV)+ IF-iskFromt the phy sicail cons ide ratitons, a reaisonable estitc

2 2~t o 2) f tile s alue ot 1) is available for a it enCl ssavel_1 ide. For

I-Iquaio (21 idl,:dC ,tht te cpr,, ion fi Iand.1example, the hundamental 'It E tde has Its 1) closest to I

onlN have square terms 1)U and enmss-prodrict terms Thusre te eins ate modane- etmtda
I U )l:AN). 1L)G ) /AA NIl , etc, Theretuir. / alltd J cain he Ths eeiw a1eX*cnbetnde s

expressed Inl quadramtit, kims Lie isch\ X,, V(,3(m)

-(3 I. 3) amid this, estimated s aloe ot X- is, used in the m1odWihmd

a rid posmer method. The algorithmi can handle arbit ran. aspect
rmtos as tollow-,s

j I If i I (insider the inievnI / as uiven h\ ) 12). It cartice re -
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ss ritten as the sumn of three integrals so that 1.0

09

0. .......I T~,= En,

0 77

Noss each of these integralsi expressed in a quadratic O 3 - b'

formi, so that the matrix A1 in (30) can bc expresscd as the 0.2 - '

sumn of three matrices:

0 Z,
A = A, - A-, - A3(38) 0 1 2 3 4 0 6 7 0 9 10 11 12 13 14 15

where .A1 , A,. A, correspond to integrals on the right-hand Fi.5 -vhrceitc e~e aiiinIdlecc

side of the equation. mnethod and Ma~rcatil,~i's 
2 2 

mcihd fo in ~net rical. step inde\ channel
Note that (L 'r2) appears as a scalar wshich multiplies IAteg "Cith the aspect ratio i =I

A,. and as a result. no reformulation of matrices . A2,
.A1 is needtcd when the aspect ratio r is changed. This per- 1.0
nlits the method to consider arbitrary' changes in aspect 0.

ratios without any additional reformulation. As a result. - f~05l

0.8 - nthe aspect ratio can be rcad as an input datumi by the al- Fl feec

2ortthm. 07

The steps insolved in the algorithmn are given as fol- 0.6/

lows. 0.0,57
I ) Read the values of the Vrnumiber, aspect ratio r. and 0 4 1,

an estimate of b.
2) Read the index profile f tv. I ) at grid points. .TE2

0.23) Set up matrices A and B.
4) Calculate B -'A. 0. 1
5) Apply the power method to find X. the cioenvalue 0

and U, the eiglenvector of B -A. 0 1 2 3 4 5 6 7 0 9 10 11 12 13 14 1

6) Calculate b. V
7) Print the values of E(-%' '. I- ) at the grid points (the Fig. 6. h-V characteristic, comparison heineen %ariational-diftrence

field profile) and the value of b (the normialized propaga- Method and Ntarcitill's miethod ior r as\nimmetrical. step index hannel

tion constant). wAasenuide with the aspect ratio P -2

Ill. VtERHIF1CATION ANt) CASE STUDIES The aleorithmn is executed (in Harris 800 minicovmuter.
The algorithm is coded in Fortran. The main programn Due to the limited computer time and memory capacity.

reads the index, sets up the A and B matrices, and calls a 14 X 14 grnd is chosen (as shossn in Fig. 2). Execution
separate subroutines for matrix inversion and cigenvalue onl a nuinfrtilie computer ss ill make it possible to choose
estimation. We illustrate our results for the quasi-TE a larger grid size and thus imipros e the results near cutoff.
modes only. This is convenient because the first eigen- There are no inherent limttations to the accuracs of this,
value determined always corresponds to that of the TE method.
mode since the 1) value for the quasi-TE mode is alwas s As an additionLi verification. the method is applied to
larger than that of the quasi-TM mode for a given 1'value - channel waveguides with a very lar2C e spec rat io ( r =

Double precision arithmetic is used to keep the numerical 10(0 to simulate planar was epuides, of' two tndcx profiles.
errors in the matrix inversion as smtall as possible. namelN . the Gaussian-Gaussian and the erfc-Gausstanl

To verify the accuracy of our variationa-fite differ- profiles,. Thle b-l'characteritics of these large aspect ratio
ence method, a specific asymmetrical step index channel channel wxaseguides should approach those of' planaur
waveguide 01hn, = .05 x n,t~ra, is considered. For wavegutdes with the corresponding index profiles in the
this wavelength, thle b- V characteristics hav e aircads been depth direction. The b-V chazractertstics for the planar7
presented hy klarcatili 121. Figs. 5 armd 6 shosk the resutlt,, \WVCguides are calculated h\ thle numerical inteeratton ot
for aspect ratios r = I and 2. rcspectisel\ . h is seeni that thie nonliali/ed mnode dispersion equation Ili1[ Fig. 7
the results are in excellent aereemient . establishine the s\a- shows the comuparison betss ceo iic i-V characteristics. of
lidits- of the variational-fintte difference method. The re- thc 113 miode for thle chianti \I. is-eu ides and the fun-
suits, of' ;he variational-finite difference miethoid. hos.. es-cr. dalittal mulode Lot = 0M for the platnar ssasee1umdes. The
are useful for an\ arhitrary aspect ratio and tilde\ pritile. cxc,:Ilent i,.rcenmcnt as seen troto 1'w. 7 Cis-esS 11n iddh-
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0.9.

0. 0.8 r=2 Gaussian-Gaussian Profle

oi- 
-0.7

0.6 ,

0.6 0.3

02: ".-- 0.2 E2

0 .4 2 0.4 L 1 6 8 2

0.1 It L _ o_ E - . -023

0 0
0 2 4 6 8 I0 12 14 16 10 20 0 2 4 6 8 0 1 14 6 is 2

V

Fig. 7. Compa:.,on bet%%een the b-1 characteristics of the fundamental Fig. 9. b- 1,charaetersttCS for the first three (TE_ TF,. and TE-, Imodes
tquasi TIE,, mode of the channel %Aaseiuide and the fundamental mode I-or the Gaussian -Gaussian profile and r =2.

(E,)of the plana~r ssas eguides tot largze aspct ratios. The curses are
plotted torlr 100.- o -

09 r-t, Gaussian-Gaussian Promie P

0.8

0.7 C.

O166

0.4 1.. ,2
0.24 0.0

0. 0.0/.

I , MODE CONTOURS
0 2 4 6 6 10 12 14 16 18 20

V
Fig. 8. b-Vcharacteristies for the first three ITE_, TIE,. and TE., modes

for the Gaussian-Gaussian protile aind r = 1. V *7

E Gaussian -Gaussian 0,0110.

tional confirmation for the validity of the variational-finite .
difference method.0'

We present the normalized propagation characteristics 0.
of diffused channel waveguides of practical interest. ,iz. O.

the Gaussian-Gaussian and the erfc-Gaussian profile. .
These profiles are realistic in the case of titanium diffu-
sion 1161 in LiNbO ' and Ag*-Na* (or any other set of -0.5 -0.3 -0.1 0.1 .3 0.5

species) ion-exchanged glass waveguides [ 171. For the Fig 1(1 Notilted modal field profile for the fundamienial mode for the

Gaussian-Gaussian function, the profile can be :ipproxi- Gaussia.-Gausxian prilfle. r = I and I 7

mated by

fPx', Y') = e' e "2 (39 1a n profile are almost degenerate %%hen the aspect ratto is

For ion exchange in glass. the profile can be approxi- We now describe the calculatton of the normaltzed field
mated by the erfe Gaussian function giken by profiles in graded index channel wavecuides. We have cal-

e1  efc x). 40) culated the cigenvalues of matrix (B -A) to find 1b. Since
fAx' e rf 40 the elements of vector U are the field amplitudes at the

The variational-!, nite difference method is applied to grid points ie.. E( I ), E(2) ... E( 196)1, the etoenvector
these profiles for calculating the b- V charaicteristics of' the of (B - Al associated wvith the X* corresponding to a mode
first three modes (i.e.. TEI,. TE, , and TF.1 tmode,.). Figs. give-. the \alues of' the modal field distribution E(.r, ')
8 and 9 show the results for the Gau- ,i n-Gaussian profle at the grid points. In our calculations. wve present contours
for the aspect ratios of I and 2. respc:ttve~y. A.s seen tn for two different aspect ratios. viz. r =I and 2. These
Fig. 8, the TE21 anid TF1 . modes for the (iaassian-Gauss- contour plots can find applications in the design of wave-

272



LAG'. AND RANIASWAMY FINITEI-DIFFERE±NCEF METHOD FOR ANALN ZIN, CEA'NltI \k AVI GUIDtES

0MODE CONTOURS

F ig It. Nornialized iodai field profile for the fundamnental mode tor the
Gaus ian-Gaussijn profile. r 2 and I' = 5.

_________________________________ v-
eric-ort GaussinPrie r -Oo lan profile

0.9

0 7

S0.5 
NoE, .0

04.

0.3 -0.5 -0.3 -0o 0. 0,3 0.5

0.2 - EoFi". 14. Niornaluzed modal field conliiurs lor the fundamiental miode fot
the frtc-(;IaUsan profle I. r =I and I = 9)

0 2 4 6 8 To 2 14 16 is 20 is (uta uofcrepnieto a 1/value of 7. Similarly,

V Fig. I I shows the fundamental mode profile for r =2 and

Fluig. h- V characteristics (it the first three modes iot th-, erti:-GatussiarlV 5 with TEI1 barely propagating,.
ptlitile and r -~I When the aspect ratio is increased to 2. as expected.

the TE,, mode propagates with a higher propagation con-
1.0 ' stant compared to that of thle TE,, mode. Similar results
0 9 for h-V characteristics of the ertc-Gaussian profile for r

0- r=2 ent- Gauss,ao Profile I and 2 are plotted in Fis 2ad13. respectivels.

0.7 The cutoff V numbers for the modes of an erfc--Gaussian
6 profile are higher than those of the corresponding modes

TE" of the Gaussian -Gaussian profile (with the same aspect
0.0 E ratio). This behavior is also observed in asymmetric paa
0 4 t- graded index waveguides 111lb 1151. -paa

L
0.3 TAs before. normalized modal field contours and thle

0 2 1 -profiles as a function of r' and ' C are also presented for
L the fundamental modes in Pias. 14 and 15 for the case r

0 ._ I = 1, V = 9 and t- = 2. V =6. respectively, whlich cor-
o 2 4 6 e 11) 1 TA T 1 20 responds attain to the case when thle next hieher order

V mode TE1, just begins to propagate.
Fig. 13. ho-V chairacteristics tit he tir't three Tilides lor the erfe: -Gaussian These b-V curves and modal field distributions are use-

priotile and r = 2. ful in the desien of directional couplers, Mach-Zchinder
interferometers. sensors, and switches as wvell as scores

guidc-waveguidc: and wavepcuide -fiber couplers since the of other components which require diffused channel
COuIp11111 coefficiecnt (in, butt couplingt, depends upon the waveguide's. Al thoug-h these curves are not quite accurate
overlap of modal fields of the individual channel or fiber no'i-cutofi. they. give an accurate estimate of the range of
waveguides. V over which the wAv'tegutides are sing:le tmode. The ac-

Fig. 10 shlows the norrnali/d model field profile and curacy near cultf canl be increased by increasing the ma-
co~ntours Of Such a channel w.air eguide TAiih r = I for the tnx size and com11putation time. The 'know,%ledge of prop-
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WKB Analysis of Planar Surface Waveguides with
Truncated Index Profiles

RAMAKANT SRIVASTAVA. C. K. KAO. AND RAMU V. RAMASWAMY, SENIOR MEMBER, IE

Abstract-%%\e present a N%,KI anal ,Nsis of planar surface %aveguides large V. The error caused by assuming a constant phase
wsith truncated arbitrar) refractise index profiles. It is shown that the shift of 7r at the cover surface has also been examined [7].
phase change at the turning point on the substrate side approaches zero When a mode is buried and one of the turning points lies
near the cutoff. The alidit[. of the conventional assumption ot con-

slant phase change of 7r, 2 at the turning point is inoestigated, and the near the film-cover interface, the phase change upon re-
consequent errors near the mode cutoff's are anals ied for index profiles flection at this turning point becomes dependent on the
of practical interest, propagation constant. In this case, WKB approximation

has been shown 151 to give accurate results for well-guided
modes provided the above dependence is included in the

HE WKB method has been extensively used for the analysis.

Ecalculation of propagation constants of guided modes In this paper we show that although the approximation
of the ir/'2 phase shift at the turning point on the substrate

in optical waveguides 111-171. In the limit of slow index side is acceptable for well-guided modes ( large V), errors
variations across the guiding cross section, with the trans-Z7 - are caused in the calculated propagation constant at lower
verse waveguide dimensions much larger than the wave-vgn V-values, particularly near the cutoff. This problem is of
length, this method predicts the propagation characteris-

tic ofmulimde ptial ibr I ihraoal paramount importance when the b - V curves are usedtics of mnuhtimode optical fibers pr with reasonable for calculation of the field profile of guided modes, es-
accuracy. In the case of a step-index planar waveguide, pecially in the case of single-mode waveguides. Further-
the method gives exact results independent of the wave- more. since the b - V curves are often used to character-
gauide dimensions- (represented by the V parameter). and ize the planar waveguides for the diffusion profile [8]. 19]
the derived propagation constant values (b - V curves) and the An value from mode index measurements [8]-
are the same as those obtained by solving the wave equa- [10]. any error in these curves is likely to give erroneous
tion with appropriate boundary' conditions [2]. This is at- results for the waveguide parameters. The quantitative
tributed to the fact that in the case of the step-index planar eslt o the egidewaveuid cevaluation of the error introduced by the assumption of ,

= r/4 for modes near cutoff was first alluded to in [5]
total internal reflection at the cover and substrate inter- for surface waveguides with parabolic profile. It was sug-
faces are available which are v:lid regardless of the prop- gested that the correction to o, depends on the first deriv-
agation constant of the guided mode [3]. Motivated by the ative of the index at the film-substrate boundary and de-
success of the WKB theory in step-index planar wave- creases as the mode effective index approaches the
guides, researchers have applied it to the graded-index creasestasithexmodee effective inde approaches theZ. substrate index. i.e.. as the mode approaches the cutoff.
waveguides 141-[71. in this approach. it is generally as- However. no analysis was presented to understand the be-
sumed that the phase change 2 , at the turning point on havior of 6, near cutoff. Recognizing that in truncated
the substrate side is rw/2. Moreover, since most surfacehhesubstrae ir s th. srr incoe me e profiles the phase shift 20, has to approach zero near the
waveguides have air as the surrounding cover medium, mode cutoff, we have obtained curves for 0, as a function
the mode cutoff condition is determined by the substrate of the propagation constant by using the WKB theorN and
refractive index. In this limit, the phase change upon total comparing it with b - V curves as obtained by the nu-

internal reflection at the cover surface is very nearly r. merical solution of the wave equation using the finite dif-
With these assumption,,. b - V curves and modal fields ference method [121. The variation of o, is shown to be
have been calculated 171 for graded-index waveguides and fencmthd[2.Tevraino ssow tobshownvto ben aulte w7] forrd-exat aveIIsutins, n directly related to the change of the slope of the refractive
shown to be in agreement with exact analetical solutions index profile near the substrate interface, and the quanti-
for parabolic and exponential index profiles in the case of tative results are in agreement with those of 15]. To the

best of our knowledge, this is the first report which con-
Nianuscript reccscd AuLust 25. 19N6. revised Novembcr 20. 1986. This siders quantitative variation of O, in the cutoff region using

work was ,upporled hs AFt)SR Contract t4-03t9

R, Srnsastava is with he Dcapdrnient o Electrical Engineering Unier- the WKB approximation.
sity (t Florida. Gaicsville. Fl 3261 I. oin leaie frm tlnlcamp. Campinas, Consider the truncated graded-index profile n (x ) of the

.r1 waveguide as shown in Fig. 1. The curved ray trajectoriesC. K Kao and R V Raniasvamyirev with the lDcpriiment of Electrical

Engineering, Unjsersi, of Floridi. (aincsille. FL 32b1 make an angle 0(x ) with the x-axis. The propagation con-
ILEE Log Number K7 14966 slant 0 and the transverse propagation constant K(.r) are

0733-8724,87/1100-1605S01.00 1987 IEEE
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,(K x(X,) -

Fig. I Inde, prol[c and tie ra, tracectories sho ing the parameters used

in the text,

given by: to the case of a well-guided mode (0i - kon,), or to any
mode of an untruncated profile such as Gaussian or ex-

= kon(x) sin 0(x) (l) ponential. However, in truncated profiles, as the mode

K(x) = k~in(x) cos 0(x) = . ki, n'(.i - 13* (2) approaches its cutoff, 0 - konb and x, - film-substrate
interface. At the cutoff, therefore, the slope discontinuity

Using the WKB approach. the condition for the TE,. mode forces the numerator in (5) to be zero. Thus we obtain 6
propagation is given by the characteristic equation [21 =0 for b = 0 and 0, = r/4 for b - 1.

The fact that 0, is zero at the cutoff is not surprising. In
K(X) dr = mr -- o, + O, (3) the case of an asymmetric step-index waveguide. the

phase change at the substrate interface is given by
where o is one-half the phase change at the cover sur- -_ -: n 1,

face. The expressions for O,. and O, are given by [3]. [6] 0, = tan - ' 2

,= tan -  - k-n- (4) which approaches zero at the cutoff Interpret,,, differ-
ently. it reflects the fact that as the ray approaches the

and critical angle of incidence at the interface, the phase

k( + 6! change drops to zero. We return to this point later when
lim tan 2  we discuss the case of a buried waveguide with a sym-

-ox_ 6) - 02 metric profile. For the sake of completeness, we also write

Upon binomial expansion of the RHS, the above equation the expression for 0, at the cutoff point for the asymmetric
becomes surface waveguide of the type shown in Fig. :

(0, )cutoff= tan-' aE (6)

0= r tan -I  dn / _ . (5 where aF is the asymmetry parameter defined by 121:

At the turning point aE 
.  (7)

0 ) = 7

2 For an ion-exchanged glass waveguide.,n = . nt, = 1.5

ind and n, - 1.52 and (8) gives ti = tan- ' ,20.7 = 0.43 7r.
In LiNbO, and GaAs based waveguides, 0, is larger due

= kinh(.N), to the higher asymmetry and is therefore close to r/ 2 .

If the turning point x, is "'far" from the substrate inter- In dealing with waveguides. it is convenient to write

e tthe dispersion relations in terms of the normalized fre-
face.quen Vand the normalized propagation constant given
slope of the index profile at the interface. In this limit, it uon 121
has been shown 161 that 0, = 7r/4 with the total phase
change 2d,, = r/2 at the turning point. This corresponds V = kid/nn, - ,1 (8)
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and The conclusion that the phase shift at the turning point
near the cutoff goes it) zero can also be reached by ana-

_ lyzing the case of a buried waveguide with a symmetric
profile with .;, and .v; as turning points. The characteristic

-(9) equation in this case becomes

Here d is some measure of the diffusion depth depending V - ' = mr + 20,. (15)
on the profile.

Now let us write the characteristic equation (3) in terms
of the normalized parameters 171. We write In the limit b - 0. it is required that for the fundamen-

tal mode. the cutoff V value be zero. This is achieved only

= (10) it -
d So far we have discussed only the two extreme cases.

and b = 0 and b - I. The picture in the intermediate range
(of practical interest) is not so clear and exact analytical

f(x' I = (n (x' ) - 1,)/l. 1I) expressions for 6, are difficult to obtain. In order to over-
come this problem, we have numerically calculated the b
- V curves for the step-index and all the four graded-

,+ ( index profiles, using the finite difference method I111. The

1'f(. ) - b = mrr + o, + o, 12) high accuracy of the finite difference method was checked
by comparing the calculated b - V curves and the mode

Let us consider the following index profiles: field profiles with those obtained by the exact analytical
solution of the characteristic equation derived from the

f(x') =I (step-index) field continuity conditions in the case of step-index and

e (exponential) exponential profiles. We have observed that the discon-
S (usntinuity in the index profile does vot appear to affect the

(- e (Gaussian) numerical field solutions to any detectable extent. A de-

I - X'2  (parabolic) tailed stud, of the finite difference method will be re-
ported elsewhere 1121. In order to calculate the b-depen-

I - l' (linear). 13) dence of 0,. o, was used as a parameter and fora iven

From (12). assuming o, = r,/2 and , = r//4 [41-[7]. b its value was chosen to be that which Lave agreement

we get the cutoff condition with the h - V curves obtained by the finite difference
method. Fig. 2 shows the results for the two lowest order

SIX)modes in the case of linear and parabolic profiles. It is
I. (' v' =nir + 7 7r. (14a) obser'ed that for h values down to 0.5. 0, remains con-

stant and equals r/ 4 . It then starts decreasing. reaching
On the other hand, using the expression for , as given a very large slope near h - 0. 1. and approaching zero as
by (4) and using , = 0 at the cutof, we get b - 0. It is this steepness of the curve for lower b-values

" /a - i:t which is responsible for the flatness of the b - V curves
=,f(.t) Lv' ;nr - J (14b) near the cutoff. In this region. therefore, the conventional

WKB gives large errors. No calculations were made for b

showing that the error in the cutoff normalized frequency < 0.01 as a very large number of grid points is necessary
V,/of any mode is given by ( .r - 0.43r )/( £' fx) d ) to give accurate results in the finite difference method. In

for the ion exchangc case described previously. The value practice, the mode becomes highly attenuated for b < 0.1

of the integral in the denominator is 2, v/7r/2, r /4. and and the cutoff is measured at higher V-values than those

2/3 for untruncated exponential. untrunc:ited Gaussian. redicted theoretically. This behavior also suggests that

parabolic, and linear profiles. respectively. Thus the error the b - V curves siiould be used with caution to estimate

in V amounts to 0.44. 0.70. 1.12. and 1.32 for the four the theoretical cutoff values.
pA r y, ofp words regarding the shape of the curves in Fie.

prfie, epetvey Te v~eUie, fpractical inter- Afwwodrerin
est have a Gaussian or an ERFC profile or a combination are in order at this point. In particular. (5) predicts an
of the two. Therefore. theoreticallyv O, = /4. idepen- abrupt drop in o, from 7r/4 to zero at b = 0. whereas Fig.

dent of b. due to the infinite width of these functions (. 2 shov, s a gradual decrua.e in O,. The explanation of this
= oo ). However, in practice the dilfusd wavecuidcs have beha ior lies in the proximity of the turning points to the
truncated profiles and the function f(. ) does go to zero film -substrate interface given by x' = I for these profiles.

at a finite distance. Neverihele.,s. the errors cited above The positions of these turning points tor linear and para-
will not change signilicantiv due to the tnncation ofthese bolic prfiles are given by x; I - b) and v;

profiles as the contribution to the integral on the LHIS of /. respectivel\ . The corresponding normalized dis-
(14) is negligible beyond ' = 5. tances from the fihn-substrate interface are b and I -
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Fig. 2. Phase shift dependence on the propagation constant.
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Wavelength-dependent propagation characteristics of
Ag+-Na+ exchanged planar glass waveguides

S. I. Najafi, R. Srivastava, and R. V. Ramaswamy

Planar glass waveguides fabricated by diffusion of silver ions in soda-lime-silicate glass substrates have been

characterized by measuring the wavelength dependence of propagation constants of the guided modes. The

results are in good agreement with theoretical prediction obtained by an accurate WKB analysis using a

complementary error function for the index profile. Cutoff wavelengths of higher-order modes are larger

than were predicted by the analysis and are a result of higher attenuation encountered close to the cutoff.

I. Introduction microscopy) analysis which is helpful in index profile

Glass waveguides fabricated by ion exchange in studies, and silver rods of high purity are commercially
soda-lime glass have assumed an important role in available for the release technique. In fact, planar and
many applications such as optical communicaton, sen- buried slab and channel waveguides have also been
sors, and more recently as potential candidates for use fabricated and analyzed.)4A

in optical signal processing. Different ions, e.g., TI1, In previous work31_6 we reported detailed studies of
Ag', K', have been diffused in glass to obtain an Ag'-Na- exchange waveguides. It is shown that the
adequate graded-index profile to achieve guidance.' diffusion profile as measured by the SEM technique
Each of these ions has its advantages and drawbacks. closely resembles a complementary error function.
For eP.ample, T1* is known to be rclatively toxic, Ag is This conclusion was confirmed by the fit of the index
susceptible to reduction and K' provides very low data (index profile assumed to be that of the Ag +

index changes. Of these, we have extensively studied diffusion) to the measured values of the mode index for
incorporation of Ag by ion exchange using a highly all the guided modes. This was performed using two
controlled electrolytic process2 for release of Ag + in a fitting parameters-the diffusion coefficient D and
molten bath of NaNO: . Unlike the conventional An. Empirical linear relations were thus obtained
methods where glass substrates are immersed in mol- between the low Ag' concentration and the corre-
ten AgNO:j, giving rise to large values of index change sponding index change An."
at the surface (An - 0.08), thib ,chnique allows very In this paper we report the results of the measure-
low concentrations of Ag + in the bath. Since An de- ment of the mode index as a function of wavelength.
pends on Ag4 concentration, the lower value of An The data are then fitted to the b-V curves as predicted
obtained is helpful in controlling the V-number of the by a more accurate WKB analysis in which the b-
guide because the diffusion depth can then be in- dependent phase change at the turning points and the
creased considerably which can be controlled precisely cover surface are included. 7 The only fitting parame-
by diffusion time and bath temperature. Single-mode ter used is An. It is observed that for all the guided
guides with reproducible characteristics have pro- modes, the data give a much better fit to the calculated
duced in the laboratory using this process. We found b-Vcurves fortheerfc index profile comparedwiththe
Ag 4 attractive for fabrication of planar waveguides Gaussian or exponential profile. This result, con-
due to two important features: it is possible to detect firmed by our previous work,- 6 supports the postula-
Ag 4 using the backscattered SEM (scanning electron tion that the index profile is a complementary error

function when diffusion takes place from an infinite
source and is in sharp contrast to the reports where the
mode index data were found to be consistent with

The authors are with University of Florida, Department of Elec- Gaussian or a polynomial s profile. It is also observed
trical Engineering, Gainesville, Florida 32611. that cutoff wavelengths of the higher-order modes are

Received 6 February 1986. larger than those predicted by theory, a fact consistent
0003-6935/86/111840-04$( ,.00/0. with the higher attenuation suffered by the higher-
fC' 1986 Optical Society of America. order modes near the cutoff.
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II. Diffusion and Propagation Characteristics concentrations. For low values [-10 - 1 MF (mole frac-

The diffusion equation in the case studied here may tion)] of C, D was observed to increase linearly with

be written as' C,. For given values of temperature T and Co , the
value of D may not vary much from one glass to anoth-

ac . () er. This is shown in Fig. I which is a SEM photograph
at ix of two waveguides made in identical conditions (same

where C is the concentration of the silver ion, D is its T, C0 , and t) with Schott 8011 glass (left) and a Fisher
self-diffusion coefficient, and t is the time of diffusion. microscope slide (right). Although the difusion depth

The solution of Eq. (1), subject to boundary condi- ratio
tions C(x,0) = 0 and C(O,t) = C0, is given by _._ ... (7)

('IX,t) = C,, crt' t2) wo F..h,,

gives DSh.t 1/DFisher n- 1.1 in these conditions, the re-
where fractive-index change for the two glasses is very differ-

ent,it,, =2 , Dt, (3)

2o -4.2 (8)

erfc:( = --- exp-W)d. (4) AnFisher

This is believed to be due to the compositional varia-
W 0 is called the effective depth of diffusion and corre- tion, especially different Na + concentrations in the
sponds to 6  glass. Once the index profile is determined, the prop-

C(IW0,t) = 0.157C0. (5) agation characteristics and the modal field profiles
E,(x) for the TE modes can be calculated by solving

Note that the condition C(0,t) = Co assumes an inex- the wave equation
haustible source of diffusing ions. W0 depends on the q
self-diffusion coefficient D which in turn depends on d2E + [h6 - E= 0 (9)
the structure and composition of the glass, the concen- dx

2

tration Co and the diffusion temperature. For small for each mode. In this work we are interested in the
values of Co, Eq. (2) represents the refractive-index wavelength dependence of the propagation constant 0
profile for each mode. This can be calculated by the WKB

(x) = Ano erfc / + nb, (6) theory which involves solving Eq. (9):
( )V f V [(X') b l dx" = (n + I ),, (10)

where An is the refractive-index change at the surface V (
and nb is the substrate index. Since direct-index pro- where the normalLed frequency
file measurement using optical methods in planar
waveguides is not an easy task, the backscattered SEM V = kod \ (11 )

analysis of Ag+ concentration in glass has been per-
formed 6 to obtain this information, at least for low and the normalized propagation constant

N - n
b = (N - n2)/(2nbAn) - (12)b An

Here N = O/Ko, x' = x/d, and x' is the turning point on
the substrate side for the rays representing mode m.
f(x') is the normalized index profile given by

n(x') - rnb
(x' = An (13)

For a complementary error function profile, f(x') =

erfc(x') and d = W0 . For Gaussian exponential pro-
files f(x') is exp(-x') and exp(-x'), respectively, and
f(d) = 1/e.

Equation (10) assumes that the phase shift is -7r at
the cover interface and -7r/2 at the turning point.
When the cover material is air and the mode is well
guided (b -* 1), these approximations do not introduce
large errors in the b-Vcurves.9 However, it is expect-
ed that the phase shifts on the cover as well as on the
substrate side be b dependent. If these considerations
are incorporated in the WKB equation, the exact b-V

Fig. 1. SEM photograph of two waveguides epoxied face to face. curves can be obtained. We have verified their accu-
The dip between the two waveguides is due to the epoxy. racy for homogeneous slab waveguides as well as for
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Fig. 2. Shematic for measurement of wavelength dependence of Fig. 3. b-V characteristics for the complementary error function
the mode index. profile. The points are the experimental values giving the closest

agreement t'. theory.

the three profiles considered here, namely, erfc, Gauss-
ian, and exponential, by solving Eq. (9) using the finite
difference method.7 Therefore, to analyze our data,
we have used these more accurate b-V curves. These 1.0
are shown in Figs. 3-5 and will be discussed later. 0.9

. Experimental 
Thery

The fabrication procedure is the same as described o7E

earlier.2 The results reported here are for the wave- 0 s M=

guide made in the following conditions: b 0 5

Ag+ concentration, Co = 4 X 10-4 NF; 0.4 =

Fabrication temperature, T = 330°C; and 0,3

Diffusion time, t = 45 min. 03 0
For optical characterization, the waveguide was pol- 0,2

ished at one end and the collimated radiation from a o 1
monochromator was prism coupled as shown in the 00
schematics in Fig. 2. It was possible to collimate the 0 2 4 6 8 10 12 14 16 18 20
beam by using a 2-mm diam aperture and by focusing V

the beam on the prism using a 40-cm focal length lens. Fig. 4. b- V curves fi.r the exponential profile and the experimental

The incident beam and the prism coupled output visi- data.

ble radiation could be seen on a white card when the
room lights were off. The angle of incidence i which
the incident beam makes with the prism normal is
related to mode index N by the well-known relation

N = n sin A + sin t 
-(eni)] (14)

where n, is the prism refractive index and A is the 09i Theory=

prism ingle. 0 8- Ep

The angle i for each guided mode was measured by 0 7 -

rotating the prism table until maximum power was 0 6
detected in that mode at the waveguide exit and indi- b 01
cating maximum coupling. The output power was
collimated by an objective lens, detected by a photode- 0 4
tector, and monitored by a lock-in amplifier. Mea- o.31-
surements were repeated five times for each mode and 0 2
at each wavelength and the average value of i was 0 1
chosen for calculation of N using Eq. (14). The mode 00
indices were measured at discrete wavelengths in the 0 2 4 6 8 10 12 14 5 5 20

500-1000-nm region. The wavelength dependence of V
n. was calculated by using the Sellmeier coeflicients Fig. 5. h-V cur, lo the (;uoslaln rlile Points sh,,% the ex

provided by -the manufacturer (Schott SF-18 glass). periniental data.
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As will be seen in the following section, a complete shorter wavelengths. In fibers, however, this effect is
analysis of our data requires knowledge of the wave- highly accentuated due to the much larger propagation
length dependence of the refractive index ntb of the lengths involved. It must be noted, however, that the
glass substrate. The measurements of nh were carried cutoff values thus measured depend on the criterion
out at the wavelengths of interest by using the mono- used for defining the cutoff point, whereas in optical
chromator and an Abbe refractometer whose prism fibers standard procedures"' have been agreed on for
refractive index was calculated by using the Sellmeier defining the cutoff wavelength, no such criteria are
coefficients furnished by the manufacturer of the in- available for planar or channel waveguides. Finally,
strument (Bellingham & Stanley, Ltd., England). we recently became aware of a similar measurement of
The accuracy of these measurements was ± 1 X 10 - 1 in the cutoff wavelength 2 in LiNbO:, waveguides.
the visible and ±5 X 10 - 4 in the infrared, because of the We gratefully acknowledge the support of Don Ul-
faint illumination at each wavelength. The mono- rich and AFOSR contract AFOSR 84-3069.
chromator slits were set to give a spectral linewidth of R. Srivastava is on leave of absenct from Instituto de
the order of 3 nm in each case. Fisica, Unicamp, Campiras, Brazil.
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Silver ion-exchanged, buried, glass optical waveguides with symmetric
index profile

R. K. Lagu, and R. V. Ramaswamy
Departrnent o/ Ekctrwal Eniinering, Lnn'ersntv of florida. Gainesville. Florida 32611

(Received 15 April IQ85: accepted for publication 22 October 1985)

Symmetrical buried waveguides with fiberlike refractive index profiles using Ag '-Na ' exchange

have been realized in soda-lime-silicate glass substrates. A simple scanning electron microscope
technique to determine the silver ion (refractive index) profile is also reported.

Optical waveguiding layers on planar substrates are use- agree with profiles of buried waveguides aleady reported in
ful for making a variety of integrated optical devices. Most of literature.3

the work so far has been carried out by using titanium indif- The technique frequently used for measuring silver ion
fusion in lithium niobate leading to the successful fabrication concentration in glass waveguides is either sputter-etched
of directional couplers, modulators, and switches.' One of SEM 3 or electron microprobe analysis,4 which are quite ex-
the problems with diffusion of Ti into LiNbO3 is that the pensive and are not available at our university. We have in-
electric field cannot be applied to enhance the diffusion pro- vestigated an alternative technique that uses backscattered
cess. As a result, Ti:LiNbO, waveguides are shallow f = 2/ m electrons in a scanning electron microscope to determine the
deep) and channel waveguides of narrow widths couple silver ion concentration profile. The sample is bombarded by
poorly to single mode fibers due to significant modal mis- an accelerated electron beam in a SEM with an accelerating
match.2 Glass waveguides, on the other hand, are compati- voltage in the range of 20-50 kV. The sample generates two
ble with optical fibers and are useful in the fabrication of types of electrons, namely, secondary electrons and back-
passive devices needed for systems applications, scattered electrons. The secondary electrons are low-energy

Recently, an ion-exchange technique has been used to electrons I < 50 eV) usually coming from the surface layer of

fabricate graded index surface and buried waveguides in the sample ( < 500 A. for the insulators, which contain the

glass3 utilizing a two-step field-assisted diffusion process. In information about the surface topography The back-

this process, soda-lime-silicate glass slides are immersed in a scattered electrons, which have higher energies (> 100 eVI,

salt bath containing a mixture of molten sodium nitrate and provide the information about sample composition. The

silver nitrate. Initially, a surface waveguide is formed by a yield of the backscattered electrons increases monotonically

field-assisted diffusion of silver ions into the glass substrate, with the atomic number of the specimen,' while that of the

This is followed by a second field-assisted diffusion with the secondary electron is relatively insensitive to the sample

sample immersed in pure sodium nitrate. The index profile composition.

of buried waveguides produced in this manner is skewed' In ion-exchanged glass waveguides, the substrate mate-

and is significantly different from that of single mode fibers rial usually contains ions such as Na ', Si4 , 0- -, Ca * -,
which have nearly parabolic index profiles. In this letter we etc., while the waveguiding region contains silver ions in

present a procedure for fabricating symmetrical buried addition to the above. Since the atomic weight of silver is

waveguides which are comparable in shape and size to the much higher than that of the rest of the ions, the contribu-

core of single mode fibers. In addition, a simple but precise tion of silver ions to the yield of backscattered electrons is
scanning electron microscope (SEM) technique to charac- maximum. Thus, if we scan the end face of an ion-exchanged
terize the silver ion distribution and hence the refractive in- waveguide using the SEM, it is possible to obtain a good
dex profile is reported. In the two-step diffusion procedure, estimate of the silver ion concentration and hence the index
the diffusion time and the applied field in each of the two profile by looking at the backscattered electron intensity
steps are two of the important parameters that control the profile.
dimensions and the index profile of a buried waveguide. In The yield of the backscattered electrons is somevhat
the previously reported process' an applied field in the range depend-nt on the microscopic variations on the surface of
of 30-100 V/mm was used. In our experiments, initial field- the sample relative to the incident electron beam and there-
assisted diffusion of silver ions was carried out for 30 rin at fore, it is important to have a smooth surface to avoid back-
330 *C under a field of 45 V/mm with the concentration of ward contribution due to surface roughness.' Thus, it is nec-
silver ions equal to 0.1 wt. % of NaNO,. It was then fol- essary to cut the sample perpendicular to the waveguide
lowed by a second field-assisted diffusion in pure sodium surface and polish the end face carefully. To avoid rounding

nitrate for 30 mm under the same field, viz., 45 V/rm. This the edge of the waveguide while polishing, it is necessary to
results in a steplike waveguide. Fig. l(a), which when cement a glass pad (made of the same material as the sub-
buried gives a skewed index profile, Fig. 1 (b). These results strate) to the surface of the guide using an epoxy. After the

polishing has been completed, the sample is coated wvith 50 A
of carbon to avoid charging of the sample. In making the

'Presert Adres t)eprtiniric of |Ilectrical and Computcr n'iginnering SlM measurements, it is necessary for the electron beam to
Uni~cr',ty of loa., ( -it%. 1A 52.42 be incident perpendicular to the sample. If this is not the
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single and multimode waveguides at 2 0.633 !im. It was
experimentally determined that if no field is applied during
the first diffusion step. a surface waveguide with comple-
mentary error function profile (as expected for a constant
source diffusion) is formed. Figure 1c) shows such an erfc
concentration profile obtained for the case when the diffu-
sion time was 30 min. When this waveguide is subjected to a
second diffusion, now with an applied field and in pure sodi-
um nitrate, we obtain a symmetrical structure with near
parabolic index profile as shown in Fig. I(d). The duration of

25KV 1Am 25KV 10Am the first diffusion, the strength of the electric field, and the
(a) (c) diffusion time during the second step need to be controlled in

order to achieve the desired symmetrical, buried index pro-
file. For example, for the waveguide profile shown in Fig.
I (d), the first diffusion without drift field was carried out for
30 min at a temperature of 330 *C. The time of the second
diffusion was 30 min with an applied electric field of 30 V/
mm. The resulting waveguides were polished and analyzed
using SEM to obtain an estimate of their widths and refrac-
tive index profiles.

In conclusion, we have presented a procedure for fabn-
cating buried glass waveguides with fiberlike index profile
using Ag '-Na ' exchange in glass. A simple technique

25KV .. " lO n 25KV 10;1m Mwhich uses backscattered electrons in a SEM to determine
bi . (dl both thi fractive index profile and the effective waveguide

width of At; -Na ' exchanged glass waveguides is also pre-
sented.

FIG. I. al Index profile of a planar sw a'eguide fabri, aied by field-assisted
diffusion ofsilser tons n the first step. i Skewed ina 'x profile of a buried The authors would like to thank E. J. Jenkins of the

waveguide due to a second field-assisted diffusion of the sample shown in Department of Materials Science and Engineering for his
I ai, now in pure NnNO,. (ci erfc index profile of a plarar wa'eguide fabn- assistance in SEM analysis and C. WayneiTwiddy for polish-
catcd by a first step diffusion process %.ithout applied elctric field. diSym- ing the waveguides. They would also like to thank S. lraj
metrical index profileofa buried waveguidewithasecond step field-as-isted Najafi and Paul Suchosi, wo. f.r critical reading of the

diffusion of the sample shown in I ci. now in pure NaNO,. N ""

manuscript. This work was supported in part by a grant from
Air Force Office of Scientific Research. contract No.

case. a distorted profile is obtained due to the fact that back- A FOSR 84-0369.
scattered electrons have a relatively large interaction vol-
ume.' The silver ion concentration profiles obtained using
this technique are shown in Figs. lla)-lId. The dip in the
signal in the middle indicates the epoxy layer which has a For example, seeR. C .I'erness, IEEEJ. Quantum Electron. QE-17,946

lower index than that of the glass slides on both sides. The R V Rama,k.am), R. C. Alterness. and M. Diino. Electron. Lett. 18,30

backscattered electron contribution due the epoxy, which is i19812.

an organic compound, is quite negligible. The silver ion pro- 'G Chartier. I' Collier. A Guez, P Jaussaud. and Y. Won. Appl. Opt. 19,

file at the surface to the right of the epoxy laver indicates the 10,12 (19801.
'G. Stewart. C A Miller. P 3. R. Las bourn. C. D, WWjlkinson. and R. M.

effective change in the index of the glass substrate due to DeLaRue. IEEE J. Quaniu Electron. QE-13. 192 i19771.

Ag diffusion. We are presently working on characterizing 'J. Goldstein, D. Ne..bur.. P. Echlin, D. Jos, C. Fion. and E. Lifschin.

these waveguides. Scannin~i Electron Aficrowcopr and '-rav .tficroanalvsr'. Ist ed. lPlenum.
Using an improved technique" that utilizes a novel elec- New York. 19811.

'S. I Najafi. R V Raniisamv , anA R. K t.agu, J. t.ightae Technol.

trolytic release process' in which silver ions are released elec- l.T-3. 7631110851
trolytically into molten sodium nitrate, we fabricated several 'R. K. Lagu and R V Riniasam. Appl. t'hss Lett. 45. 117 ,1
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guides using SEM data and comparing the values of

.iu piwaa waveguides.-

Channel wavequides were formed by the
Ag*-Nat exchange through a window of varying
(2- tO-omf widths With the pattern replicated in an

aluminum mask over the glass substrate using the
standard ohotolithorrraphic techniques. The diffu-
Sion profile of the channel waveguide is deter-
mined by measuring the backscattered electrons
as a function of both waveguide depth and width --

using a SEM 2Figure I shows a typical 2-D
backscattered electron profile for a channel wave-
guide. t0 um wide, fabricated at T = 330*C .ith

C =2 X 101kF and f= 60min, We did nof ITrK-a
observe, however. any deposition of silver under
the edges of the aluminum mask opening as re-

ported in the literature'4

The Channel wavequide was epoxied against a FDO2 Fig. 1. Diffuion prottlef ot io.min wide
planar waveguide fabricated in identical Conditions Ag*-Nat exchanged cthei waveguide. Two-
and analyzed using a SEM Figure 2 shows the dimensional scan: Insets represent the 1-0 scan
variation of diffusion depth (measured at the t /e along the dotted lines.
point from the surf ace) for the channel waveguide

compared with that of the planar waveguide. as a
function of mask width. As before, decreasing C,
decreases diffusion depth, and the increasing

F002 L.'%sion and modal char-,Zferlz all.,vi g-suin ..:i I ;i:;: -ot~n of ditfusion ap>-

Ag -Nia' exchanged channel waveguides proactring that of the planar wavegiude However.
for lower concentrations, planar values are

S.1I NAJAFI and R V RAMASWAMY. U. Florida. achieved at lower guide widths. The absolute 55

Department of Electrical Engineering, Gainesville. value of Ant of the Channel waveguides can b

FL 32611. determined by using the correpoondinq vaiue in s r

)on-xchncedglas wvegudesare xpeted planar wavequides.A For low silver concentration.
tfon-exchaed glass wavpoeuiellarenexpectie the peak vaiue of An varies between 0 005 and

to frm te osis or he pteniall inx~enive 0.02 depending on the Ag concentration andi co.- icx0
passive inteorated optical components compatible erating wavelength These exrerimentai resu-,, c ?~ Ff
wi'S single-mode optical fibers. Recently, an i.. adidxpoiermr-nn iliecoprd'1'- i
proved electrolytic release technigue.' where sif- t h hoeia rdtc-s .z ou

ver ions were introduced into a bath Of molten Light was coupled to channel waveduides using o ci-._~ I
NaNO3 containing the glass substrate with the Ag' acrspebctvate-ei 3.min 39!

concentration controlled to better than ± 1 ;ig. was NaiYAG 0f 32-umi laser wavplendahs, The hum-
used to, fbricaterflow-ions (uO0.1f-Ob/cmf optical ber of modes measured at each waveienq:ri is 5 ---------

waveauides ov using Ag'-Na* exchange at eleval- Summarized in Table I Using a sminlar setuPt re-
ed tempoeratures, ported elsewhere.5 the Cutoff waveiength for the

AlthOoh such a Scheme facilitates precise lowest-Ordler mode was measured The Cutoffa
elecC-,c Conn,.1! --! a:! the process Parameters, wavelength for the smallest wavecu. e (2 .,mi is ii.
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Guided Waves in Graded-Index Planar Waveguides with Nonlinear Cover Medium

R. K. Varshneyt, M. A. Nehme, R. Srivastava and R. V. Ramaswamy
Department of Electrical Engineering

University of Florida, Gainesville, Florida 32611

Abstract

Dispersion relations for TE modes in planar, exponentially graded-index

waveguide with self-focussing nonlinear cover material have been solved numer-

ically. It is shown that the threshold power required to pull the field

maximum out of the film region into the cover, is lower compared to that for

the step-index waveguide. Empirical relations to calculate the corresponding

minimum film thickness and the minimum threshold power are given for the

lowest order mode.

Introduction

Intensity-dependent phenomena in optical guided-waves have attracted a

great deal of interest [1-6] in the past few years because of their potential

use in all-optical signal processing. The main advantage lies in lower

threshold powers caused by large interaction lengths involved and power

confinement over smaller cross-sections. At moderate power levels when the

modal fields do not exhibit significant changes, the coupled mode approach [2]

is adequate to describe the intensity-dependent propagation constant. Using

this formalism, non-linear directional coupler (7] and bistability in channel

waveguides (8] have been analyzed. However, at larger power densities, the

modal field undergoes drastic chances and the coupled mode approach can not be

used. Detailed studies of the intensity dependent behavior of the guided

modes in waveguides with homogeneous film and nonlinear surrounding media have

recently been reported by several research workers [1-6] showing existence of

tPermanent Address: Physics Department, Indian Institute of Technology
New Delhi 10016, India
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multi-valued propagation constant above some threshold power levels, arousing

interest in possible bistable behavior of waveguides. Experimental observa-

tion of nonlinear guided waves has also been reported in at least two cases

(9, 101.

In this letter, we solve the problem of TE modes in an exponentially

graded planar waveguide with nonlinear self-focussing material as the cover.

In any graded-index waveguide the threshold power needed to shift the field

maximum into the nonlinear cover medium is expected to be lower as the peak of

the modal field is closer to the cover surface. Our interest in exponential

grading is two fold: it is not only amenable to analytical solutions for the

TE modes [il, its propagation characteristics closely approximate the

Gaussian and complementary error function (ERFC) profiles of practical

interest which do not subject themselves tc such an exact analysis. In fact,

it is known (12] that in graded-index waveguides, the fundamental mode profile

is not very sensitive to the exact fqrm of the index profile. Our results

show that a minimum film thickness dmin (diffusion depth) is necessary to

observe multi-valued 8 (above a threshold power) in the lowest order mode. As

expected, the threshold power requirements are considerably relaxed by the

index grading. As the film thickness is increased from the minimum value,

the threshold power increases almost linearly. In the case of the fundamental

mode in a symmetric waveguide with minimum thickness, the field cross-over to

the cover region occurs at approximately the same value of the normalized

propagation constant and the normalized frequency, independent of the film-

cover index difference. This allows us to compute the design curves from

which one can predict, with reasonable accuracy, the minimum thickness and the

corresponding threshold power required for this crossover in a given

waveguide. In comparison, in the case of the next higher order mode, no

minimum thickness is necessary as long as the waveguide supports this mode.
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Analysis

We consider the following index profile:

n 2(x) - no2 + a171 2  for x < 0

- (1 + 2A exp(-x/d)} x > 0 (1)

2 2t1-%
where A - 2

E, nc , nb , ha, d, a are .ocal field, cover index at very low power, ref rac-

tive index of the bulk (substrate) material, surface film index, diffusion

depth and nonlinear coefficient of the cover material, respectively. For

self-focussing nonlinear media a > 0.

The field distribution E (x, z, t) Ey (x) exp .i(wt - z)of the TE

modes of the waveguide is obtained by solving the wave equation in two differ-

ent regions (i.e. x > 0 and x < 0), and can be expressed as (1, 111:

E(x) - 1 q sech {k q (x - x)} for x < 0

- A J (2V exp (-xl2d)} x > 0 (2)

where q- [(3/k) - /n 2  - k d((k )2 n2 1/2
0 c 0o b

and V - k d r_ 2,1.

Here A is a constant; ko, and 3 are free-space wave number and propagation

constant of the mode respectively. x1 is a power-dependent constant and has a

finite value (while for the linear case it is infinite). xI - 0 corresponds

to the field maximum at x - 0, as seen from Eq. (2). The value of A and the

power dependent dispersion relation obtained by ensuring the continuity of .3E

and Hz (i.e. -4), respectively, are written as:

z Ox

A - T 2 sech (koqx) (3)A L 2P j(2V )  0

and yT ,JV) 1 - 0 (4)
j 2V) -
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where y - koqd, T - tanh (kqx )

The guided wave power per unit length along the y-axis is obtained as

P " 1/2S ( xiY)dx-P= .4.<s

g _ / ,d - P c +p f (5)

where ? Tc 2-

Pf - BD (I - T2 )

B = 2dBq 2
B- 2

kon n 2c

D 2 1-- 12 (y')dy' (6)

J2,(2V) o

n2c - 2 'E-

After some mathematical manipulation, Eq. (5) can be written as

T ( 1)2 . D} '2 1T - ) - --&I - -1.1 (7)
[( 4yD BD 4ryD()

Here, Eo and u are free-space permittivity and permeability, respectively.

minimum threshold power P (min) is the power corresponding to T - 0 and thisg

corresponds to the minimum thickness (in the case of the lowest order mode).

Thus by using Eqs. (2) through (7), we obtain the threshold power, power

dependence of the modal field and the propagation constant etc. of the TE

modes. If the nonlinear medium is self-defocussing (i.e. n2c < o); same

expressions can be used except that tanh(t), sech(t), n2c and a are replaced

by coth(t), cosech(t), in 2 l and fal, respectively in the entire analysis.

Results and Discussion

The analytical relations given above were solved numerically to obtain

detailed information about the power dependence of the guided waves and to
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compare our results with those obtained in the case of the homogeneous step

index waveguide with nonlinear cover. Due to the nonlinearity, the self

consistent solution was obtained by assuming that only one mode was gaided.

Unless otherwise stated, all cases assume symmetrical waveguides i.e., nb

nc, 0.515, n3 - 1.57, X 0.515 um and n2c 10- 9 m2/W. These values are

chosen to compare our results with those of Ref. [6].

TE0 mode

Figure 1 shows the effective index (S/k ) of the fundamental mode vs. the

total guided power (P ) for two different thicknesses. Initially for low

guided powers, the propagation constant increases almost linearly. The in-

crease is predicted by the coupled-mode theory and can alternatively be viewed

as arising from the fact that the creation of a higher refractive index in the

cover medium adjacent to the cover-film interface causes an increase in the

effctive,- . of the guide. However, the rate of increase of 3 with the

guided power is larger for smaller film thickness. This can be explained as

follows. For a given power, as the film thickness decreases, the peak of the

fundamental mode shifts closer to the surface and the field amplitude at the

cover-film interface increases. For smaller thickness therefore, as the power

is increased, the nonlinearity in the cover medium has the stronger effect in

shifting the peak toward the interface and increasing the effecive index. In

fact if the thickness is below certain critical value, the rapid shift allows

the peak to reach the interface at power levels well below the minimum power

required to obtain sufficiently large B/k0 characteristic of the surface

polariton. Multivalued behavior in the propagaton constant is not observed in
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such cases. In our case, the minimum film thickness to observe multi-valued

S. d min 1.42 um. The curves in Fig. 1 have the same characteristics as

in the case of the homogeneous film, including the presence of a surface-

polariton like mode for 3/k. > ns . Although the occurance of multi-valued

propagation constant is reminiscent of a possible bistable behavior, there are

some doubts [13] whether the various branches shown in Fig. I are stable.

Stability analysis of the branch where dP /dB > 0 indicates that the

corresponding field configuration is stable where as the region with dP /dB <

0 is likely to be unstable (14]. Although the threshold power required to

obtain multiple-valued 6 increases linearly with the thickness, the threshold

occurs at a relatively constant value of the field amplitude at the cover-film

interface. This is consistent with the requirement (and our observation) that

the peak of the field shift to the cover layer when the cover index at the

interface be slightly larger than the film-index. The field profiles

corresponding to the three power levels indicated in Fig. I are shown in Fig.

2. At sufficiently large powers, most of the power flows in the cover. In

the steady-state case analyzed here, the peak of the field stays very close to

the surface at all the power levels studied.

To compare our results for the minimum threshold power, we have calcu-

lated its value as a function of A under the same conditions as In Ref. [6].

Namely, for each A, the thickness d vns gradually increased until a maximum in

the P vs. 8/k curve first appeared. The two curves in Fig. 3 represented by

solid lines A and B show the behavior for nb - 1.55 and 3.0 respectively. As

can be seen the minimum threshold power is lower as compared to the homo-

geneous film (61, does not depend significantly on the index of the

surrounding medium and can be obtained for any given value of nc , and d by
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Interpolatin, -inearly between the curves. Moreover, in each case the minimum

threshold power occurs at T - 0 and at a thickness for which the normalized

f.equency V - 4.4 * 0.4. This happens at a (surprisingly) constant value of

the normalized propagazion constant (b 0 ) 0.66 * 0.007.•2 2

This fact can oe used to readily obtain an estimate, within * 10%, of the

minimum thickness and the corresponding threshold power required for the given

waveguide parameters and the wavelength. These estimates are not likely to

differ substantially for the Gaussian or ERC? profiles. Furthermore, the

asymmetric graded profiles (n c > nb) will have even smaller threshold powers

as the peak of the modal field is closer to the surface at a given power

level.

7-1 mode

Figure 4 shows variation of the effective index (3/ko ) of the 7E1 mode

mode with the guided mode power (P ). It is found that the peak in the ? vs.• g

3/k curve for this mode can be obtained at any thickness greater than the

minimum thickness required for gaiding this mode. One significant result of

the film index grading is that the threshold power for obtaining this peak in

the case of the TMI mode is reduced by almost a factor of two from the

corresponding value for homogeneous film [6]. This conclusion was arrived at

by comparing the two values for a waveguide thickness anywhere between 25 and

100% larger than the cutoff thickness at X - 0.515 Xn for the TZ, mode.

Figure 5 shows the field profile at the guided power levels corresponding

to the points A, 3, and C in Fig. 4. A comparison with the TEO mode shows

that the field peaks in the cover farther away from the surface in the caue of

TEI mode. However, a substantial part of the power always stays inside the

film.
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In conclusion, we have analyzed the intensity dependent modes in graded-

index planar waveguide with self focussing nonlinear cover medium. The

results show that the threshold power requirements are considerably relaxed

by grading. Empirical relations are presented from which threshold power and

minimum film thickness required for the multivalued behavior in the

propagation constant of the lowest order mode can be calculated for a given

waveguide within 10% error.
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Figure Caotions

Fig.l: Variation of TE, guided wave power with effective index for d -

1.Sum (dashed curve) and d - 3.0 Pm (solid curve). The points A, B and C
represent the power level corresponding to the field profile of TE. mode shown
in Fig. 2.

Fig. 2: Field profile of TEo mode corresponding to three different power
levels (identified by the points A, B and C in Fig. 1) for d - 3.0 um.

Fig. 3: Minimum T 0 guided wave power as a function of (ng - n C) for nb
1.55 (curve A), and - 3.0 (curve B). Circles coirespond to Ref. [6] with

the homogeneous film for n - 1.55.

Fig. 4: The variation of TY. guided wave power with effective index for
d - 1.5 .;m (dashed curve) and d - 3.O im (solid curve). The points A, B and C
correspond to the power levels for field profile of TE, mode shown in Fig. 5.

Fig. 5: Field profile of TE mode for three different power levels
-marked by points A, B and C in Fig. I for d - 1.5 415.
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REFERENCE [261

Suided waves in graded-index planar waveguides with
ionlinear cover medium

R. K. Varshney, M. A. Nehme, R. Srivastava, and R. V. Ramaswamy

Dispersion relations for TE modes in a planar exponentially graded-index waveguide with self-focusing
nonlinear cover material have been solved numerically. It is shown that the threshold power required to pull
the field maximum out of the filn region into the cover is lower compared with that for the step-index
waveouide isvd agreeq well with the experimental results. Empirical relations to calculate the corresponding
minimum film thickness and the minimum threshold power are given for the lowest-order mode.

I. Introduction an exponentially graded planar waveguide with non-
Intensity-dependent phenomena in optical guided linear self-focusing material as the cover. In any grad-

waves have attracted a great deal of interestI 6 in the ed-index waveguide the threshold power needed to
last few years because of their potential use in all- shift the field maximum into the nonlinear cover medi-
optical signal processing. The main advantage lies in um is expected to be lower as the peak of the modal
lower threshold powers caused by large interaction field is closer to the cover surface. Our interest in
lengths involved and power confinement over smaller exponential grading is twofold: it is not only amena-
cross sections. At moderate power levels when the ble to analytical solutions for the TE modes," its prop-
modal fields do not exhibit significant changes, the agation characteristics closely approximate the Gauss-
coupled mode approach2 is adequate to describe the ian and complementary cr,,r function (ERFC)
intensity-dependent propagation constant. Using profiles of practical interest, which do not subject
this formalism, the nonlinear directional coupler- and themselves to such an exact analysis. In fact, it is
bistability in channel waveguides' have been analyzed. known 2 that in graded-index waveguides the funda-
However, at larger power densities, the modal field mental mode profile is not very sensitive to the exact
undergoes drastic changes, and the coupled mode ap- form of the index profile. Our results show that in the
proach cannot be used. Detailed studies of the inten- case of the lowest-order mode a minimum film thick-
sity-dependent behavior of the guided modes in wave- ness d,,,,, (diffusion depth) is necessary to observe mul-
guides with homogeneous film and nonlinear tivalued 3 (above a threshold power). As expected,
surrounding media have recently been reported by the threshold power requirements are considerably
several research workers-b showing the existence of relaxed by the index grading, and the predicted values
multivalued propagation constant above some thresh- agree well with the experimental results of Ref. 10. As
old power levels, arousing interest in possible bistable the film thickness is increased from the minimum val-
behavior of waveguides. Experimental observation of ue, the threshold power increases almost linearly. In
nonlinear guided waves has also been reported in at the case of the fundamental mode in a symmetric
least two cases.9."0 In Ref. 9, the hysterisis was ob- waveguide with minimum thickness, the field cross-
served in the TE, mode when the nonlinear medium over to the cover region occurs at approximately the
was liquid crystal MBBA, which acted as the cover for same value of the normalized propagation constant
a step-index planar glass waveguide, whereas in Ref. and the normalized frequency, independent of the
10, CSo war tiied as the nonlinear cover medium on an film-cover index difference. This allows us to com-
ion-exchanged glass waveguide, and an intensity-de- pute the design curves from which one can predict,
pendent hysterisis was observed in the TEo mode. with reasonable accuracy, the minimum thickness and

In this paper, we solve the problem of TE modes in corresponding threshold power required for this cross-
over in a given waveguide. In comparison, in the case
of the next higher order mode, no minimum thickness

The authors are with tniversity ofFlorida. Department ofElec- is necessary as long as the waveguide supports this
trical Engineering. Gainesville. Florida ;2Q611. mode.

Received 27 June 19S,.OOO):l69:l3/62138lql9.4502.11t/Oi. II. Analysis
e 1986 Optical Societv of America. We consider the following index profile:
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n"lx) = 2 + IEl'F for x < 0 After some mathematical manipulation, Eq. (5) can be
= nI + 2A, exp -xdj X > 0, ti) written as

where T={( +1 1 j ";J'-4 ".

,lz - n;
Here (o and A,, are free-space permittivity and perme-

2n, ability, respectively. Minimum threshold power

E, n,, nh, n,, d, a are local field, cover index at very low P,(min) is the power corresponding to T = 0, and this
power, refractive index of the bulk (substrate) materi- corresponds to the minimum thickness (i the case of
al, surface film index, diffusion depth, and nonlinear the lowest-order mode).
coefficient of the cover material, respectively. For Thus, by using Eqs. (2)-(7), we obtain the threshold
self-focusing nonlinear media a > 0. power, power dependence of the modal field, propaga-

The field distribution E(x, z, t) =E)(x) exp[i(t - tion constant, etc. of the TE modes. If the nonlinear
,3z)] of the TE modes of the waveguide is obtained by medium is self-defocusing (i.e., n,, < 0), the same
solving the wave equation in two different regions (i.e., expressions can be used except that tanh(t). sech(t),
x > 0 and x <0) and can be expressed as" n),., and a are replaced by coth(t), cosech(t), In.,, I, and

1aL, respectively, in the entire analysis.
,)= q sec'hfk, qlx1 - x) forx <0, III. Results and Discussion

= AJ-,['7V expl-x/2d)} X > 0. (2) The analytical relations given above were solved
numerically to obtai:, detailed information about the

where power dependence of the guided waves and to compare
q 01k,)2 - n 211,

2
.1 n 21J ~ - n] 1'2, our results with those obtained in the case of the homo-

geneous step-index waveguide with nonlinear cover.
V = k dnbA. Due to the nonlinearity, the self-consistent solution

was obtained by assuming that only one mode wasHere A is a constant; ko and (3 are the free-space wave- guided. Unless otherwise stated, all cases assume
number and propagation constant of the mode, respec- symmetrical waveguides, i.e., nh = n,, n, = 1.57, X, =
tively. x, is a power-dependent constant and has a 0.515 gm, and n,,,. = 10- 9 m2 /W. These values are
., :te .aiue (while br the linear case it is infinite). xi chosen to compare our results with those of Ref. 6.

= 0 corresponds to the field maximum at x = 0, as seen
from Eq. (2). The value of A and the power-depen- A. TE0 Mode
dent dispersion relation obtained by ensuring the con- Figure 1 shows the effective index (3/k,1 ) of the fun-
tinuitv of E, and H, [i.e., (aE,)/8x], respectively, are damental mode vs the total guided power P,. for two
written as different thicknesses. Initially, for low guided powers,

the propagation constant increases almost linearly.
A = q sech(k,,qx , ) ,  (3) The increase is predicted by the coupled-mode theory

a = . 2X and can alternatively be viewed as arising from the fact
that creation of a higher refractive index in the cover

2-,=r -. V- ,,. 14)

where -y = koqd, T = tanh(koqx1 ).
The guided wave power per unit length along the y

axis is obtained as 60

P K = 1/ - (E X Ht):dx 1), + 1',, 5)
'0 45 A

where B

P B 30--

21

of
= 
BD(I -T)

i5

B 9 f

1 55 1 57 i 59

J (2 V))dW.J: it_, ) J I" .. . o

F ,..I \',irtit tn 'l 'I , niiiied wav w(,~ er wlt n t he effect ive index

Itt,,hr ., , , i',-hi, i'tirvi'i irid if = I 3. n . osljd c'iirve) Iii,mnt,,
=1• I. and C repr'ent the 'ower level corresprxndii ti the field" In:, I , , pr,,t Iit- tl, I., mode shown in FIg. 2'
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observe multivalues 3 is dt,, 1.42 min. The curves in
Fig. 1 have the same characteristics as in the case of the

ToE MODE homogeneous film, including the presence of a surface-
polaritonlike mode for 03/k, > n,. Although the occur-

Irence of multivalued propagation constant is reminis-
cent of a possible bistable behavior, there are some

1St doubts' ' whether the various branches shown in Fig. 1
d t ht t au a s wFare stable. Stability analysis of the branch where dPJ/

" ~ ,d3 > 0 indicates that the corresponding field configu-
ration is stable whereas the region with dP,/d3 < 0 is

Slikely to be unstable." Although the threshold power
a - I '\,required to obtain multiple-valued 3 increases linearly

- "'. with the thickness, the threshold occurs at a relatively
\ constant value of the field amplitude at the cover-film

0 interface. This is consistent with the requirement

X d (and our observation) that the peak of the field shift to
the cover layer when the cover index at the interface beF; _.2, Field profile ot t he TE., miode corresponding to three differ-

ent p.er levels identified 0 thile dintA B. and (nin Fitg. h ford slightly larger than the film-index. The field profiles
:. t .. corresponding to the three power levels indicated in

Fig. 1 are shown in Fig. 2. At sufficiently large powers,

most of the power flows in the cover. In the steady-
state case analyzed here, the peak of the field stays
oery close to the surface at all the power levels studied.

To compare our results for the minimum threshold
power, we have calculated its value as a function of A in
the same conditions as in Ref. 6. Namely, for each A,
the thickness d was gradually increased until a 1ax -
mum in the P, vs d/ko curve first appeared. The two

0 01 - curves in Fig. 3 represented by solid lines A and B show
the behavior for n,= 1.55 and 3.0, respectively. As can
be seen the minimum threshold power is lower com-
pared to the homogeneous filmi does not depend sig-
nificantly on the index of the surrounding medium,
and can be obtained for any given value of n, and d by
interpolating linearly between the curves. Moreover,

0.o1 in each case the minimum threshold power occurs at T= 0 and at a thickness for which the normalized fre-
%!1k.JV' THRESHOLD POWER (-/m-) quency V 4.4 -0.4. This happens at a (surprisingly)

Fi'. Minimum I-E,, uided wave power as a flction (, -12,1 constant value of the normalized propagation constant
t,,r n, = 1.V curve .4) and = 3.0 Icurve Bi. Circles correpond to

Rel. 6 with the homogeneous film torn, = 1.55.

L .-6 o.66 ± 0.007.

medium adjacent to the cover-film interface causes an
increase in the effective width of the guide. However,
the rate of increase of 3 with the guided power is larger
for smaller film thickness. This can be explained as This fact can be used to readily obtain an estimate
follows. For a given power, as the film thickness de- within ±10% of the minimum thickness and the corre-
creases, the peak of the fundamental mode shifts closer sponding threshold power required for the given wave-
to the surface, and the field amplitude at the cover- guide parameters and wavelength. These estimates
film interface increases. For smaller thickness, there- are not likely to differ substantially for the Gaussian or
fore, as the power is increased, the nonlinearity in the ERCF profiles. Furthermore, the asymmetric graded
cover medium has the stronger effect in shifting the profiles (n, > nb) will have even smaller threshold
peak toward the interface and increasing the effective powers as the peak of the modal field is closer to the
index. In fact, if the thickness is below a certain surface at a given power level. For example, in the
critical value, the rapid shift allows the peak to reach experiment of Ref. 10, (n, - n,) - 10- and n c = 3 X
the interface at power levels well below the minimum 10- cm-/M\V. Figure 3 predicts a threshold of 2 MW/
power required to obtain sufficiently large ,/h charac- mm. Assuming a typical beam size of 1-mm diameter
teristic of the surface polariton. Multivalued behav- for the unfocused YAG laser, the measured value of 2
ior in the propagation constant is not observed in such M\V/mm- is in reasonable agreement with our predic-
cases. In our case, the minimum film thickness to tion.
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Abstract

Nonlinear prism coupling, power limiting and node field variations were

observed at record low powers in planar ion-exchanged semiconductor-doped

waveguides. For the first time, power limiting in channels was also

observed. Thermal origin of the effects is corroborated.
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Introduction Glasses doped with Cd SL- x Sex semiconductors form an important

class of nonlinear materials in that they exhibit large third order

nonlinearity with fast relaxation times, making them attractive for signal

processing applications . Nonlinear prism coupling in a sputtered glass

waveguide in color glass substrates with a cw threshold of the order of 200mW

has been reported. K -Na+ Ion-exchanged waveguides in sodium rich Cd SlixSe x
doped glass have been fabricated3 , and thermal nonlinear prism coupling under

pulsed regime has been repnrted in ion-exchanged as well as sputtered glass

waveguides 14,5].

We report results of nonlinear prism coupling, power limiting, and for
the first time, observation of the mode field variation in ion-exchanged

waveguides in a Cd Sl-xSex doped glass. In the prism coupler, the threshold
power for the onset of nonlinearity is - 20mW and limiting occurs at 60omW

input power. This is the lowest value reported thus far. We present for the

first time power limiting in butt-coupled channel waveguides and convincing

evidence that the effect is dominated by thermal contribution.

Experiment K+-Na + ion-exchange was carried out at 345< by immersing clean

glass substrates in molten KNO 3 bath for 40 min. The low-power effective

index of the TE 0 and Tl 0 modes at 515rmi was measured to be 1.5273 and 1.5292

respectively. The material absorption coefficient at the operating wavelength
of the 515nm Ar+ laser line was 6cm- 1 .  Figure 1 shows the experimental set

up. The beam was focused by a 450 mm focal length lens into a -100 .m
diameter spot at the prism base. Low-power coupling efficiency was - 30'.

The output end of the guide was polished to allow measurement of the node

field at various input power levels.

Results Fig. 2 shows the variation of the output power from thie prism coupled

waveguide as the input power is increased while the low-power coupling

condition is maintained. The extrapolated straight lines correspond to the

coupling efficiency in the low-power regime. Open circles cepresent the

output measured within a second after the input is incident on the prism.

Closed circles and crosses represent the steady-state output power obtained

after a few seconds. The significant features of our results can be
summarized as follows: (a) The nonlinear threshold power for the TE O

mode (- 20mW) is an order of magnitude lower than previously reported 2 ; (b) We

observe a saturation (limiting) in the output power beginning at Input power

level of - 60mW and a subsequent decrease at higher input power; (c) There is
significant dependence of the nonlinear behavior on the distance of

propagation d between the coupling region and waveguide exit end face; (d) We

observe a relaxation effect caused by heating due to absorption similar to the
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one observed in the case of liquid crystal6 . When the low power synchronism

is maintained and the input power is suddenly increased, the output decreases

from an initial value (open circles in Fig. 1) which is smaller than that

expected from the extrapolation of the linear behavior, to a steady state

value (lower curves). Once the steady-state was reached (lower curves) and

the prism-waveguide assembly was then rotated or translated to optimize the

output, no significant increase was observed unlike the case of Refs. 2 and 6

where an increase was reported. The thermal effect also explains the

observations cited above in item (c). As the distance d increases, more

absorption occurs which causes a larger thermal effect and hence larger

temperature rise. This in turn shifts the absorption edge to higher

wavelengths resulting in further increase in absorption until thermal

equilibrium is reached. This nonlinear absorption is therefore of opposite

sign compared to the relatively fast effect arising from the band filling" in

which the absorption decreases with increasing input power. At low input

powers (linear regime), the shape of the coupling curve (measured by angular
scanning of the prism-waveguide assembly) is identical for scans in both the
directions. However, as the power is increased the two curves are unidentical
if sufficient time is not allowed for the waveguide to cool down to the
ambient. Moreover, the maximum change in the coupling angle (corresponding to

the peak output signal) is less that I m tad as the input power Pin is
increased from 5 mW to I W for d 1 10 mm case and immeasurable for d = 2mm,

indicating very small decrease in the mode effective index

( An - 3x10 for Pin > 30mW). Similar changes were reported in Ref. 2 from

whicS the sign and magnitude of n2 were derived. In our case, the film has

graded-index and both the film and the substrate are nonlinear and a solution

of the wave equation is very difficult. In fact, it is the temperature
profile of the absorbed energy as well as the local intensity profile which

will determine the steady state index distribution of the waveguide.
Moreover, this distribution is likely to vary along the direction of

propagation as the propagating power is reduced by absorption, reducing the
local heating of the waveguide. However, the small decrease in the measured
mode index with increasing input power indicates that the nonlinearity is
self-defocussing. If we take 30 mW as the input power for the nonlinear
threshold behavior (Fig. 2), then under the linear regime, the coupled power
Pc=lO mW and n2 - An ALPc, In our case, cross section area A = 100 ;m x 2m,
yielding n2 - -6 x I i m /W which is an order of magnitude smaller than that
reported in Ref. 2. Our measurements of the temperature dependence of the
substrate glass index show a qualitative agreement with these results.

While we did not observe many of the effects predicted theoretically for
the nonlinear prism coupler, , the hysteresis observed is siMl"lC Lo tvAat

reported in other experiments"'' and is cased by the thermal effect. Another
consequence of the heating is a shift in the intensity pattern of the output
power as obtained by imaging the near field of the output using a microscope
objective and scanning the distribution by a detector with a pin-hole. While
the shape of the field profile does not change at high power. the peak
position shifts to the substrate side by approximately half the width of the
mode. The shift decreases as d decreases. No such shifts or output
nonlinearity were observed when the experiment was repeated with soda-lime K + -

Na+ exchanged waveguides. While the direction of the peak shift is consistent
with the decrease in the waveguide index due to the nonlinearity, the
invariance of the shape of the field distribution indicates that the shape of
index profile remains relatively unaffected by the waveguide heating.
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Power was also coupled to channel waveguides fabricated in the glass.

Fiber-waveguide butt coupling was used and the waveguide output was measured

as a function of input power. A nonlinearity was observed starting -15 mW of

input power and power limiting occurs > 40 mW corresponding to a coupled

input intensity of -200 KW/cm2 , well above the expected saturation intensity

for the fast Kerr type electronic contribution to the nonlinearity in these

glasses. More results on the channel waveguides including the damage

threshold and nonlinear directional coupler studies will be presented at the

meeting.

This work was supported by Air Force Office of Scientific Research,

Contract No. 84-3069. We thank H. C. Cheng for assistance in waveguide

fabrication.
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